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Preface
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of anodized TiO2 nanotubes. Experiments were designed, conducted and analyzed by Mr.
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Chapter 5 presents in situ Joule heating induced phase transformation of anatase
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experiment and data analysis.
Chapter 6 presents the deformation-driven modulation of the electrical transport
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Abstract
Nanoscale research in energy storage has recently focused on investigating the
properties of nanostructures in order to increase energy density, power rate, and capacity.
To better understand the intrinsic properties of nanomaterials, a new and advanced in situ
system was designed that allows atomic scale observation of materials under external
fields. A special holder equipped with a scanning tunneling microscopy (STM) probe
inside a transmission electron microscopy (TEM) system was used to perform the in situ
studies on mechanical, electrical, and electrochemical properties of nanomaterials. The
nanostructures of titanium dioxide (TiO2) nanotubes are characterized by electron
imaging, diffraction, and chemical analysis techniques inside TEM.
TiO2 nanotube is one of the candidates as anode materials for lithium ion batteries. It
is necessary to study their morphological, mechanical, electrical, and electrochemical
properties at atomic level. The synthesis of TiO2 nanotubes showed that the aspect ratio
of TiO2 could be controlled by processing parameters, such as anodization time and
voltage. Ammonium hydroxide (NH4OH) treated TiO2 nanotubes showed unexpected
instability. Observation revealed the nanotubes were disintegrated into nanoparticles and
the tubular morphology was vanished after annealing. The nitrogen compounds
incorporated in surface defects weaken the nanotube and result in the collapse of
nanotube into nanoparticles during phase transformation. Next, the electrical and
mechanical properties of TiO2 nanotubes were studied by in situ TEM system. Phase
transformation of anatase TiO2 nanotubes into rutile nanoparticles was studied by in situ
17

Joule heating. The results showed that single anatase TiO2 nanotubes broke into ultrafine
small anatase nanoparticles. On further increasing the bias, the nanoclusters of anatase
particles became prone to a solid state reaction and were grown into stable large rutile
nanoparticles. The relationship between mechanical and electrical properties of TiO2
nanotubes was also investigated. Initially, both anatase and amorphous TiO2 nanotubes
were characterized by using I-V test to demonstrate the semiconductor properties. The
observation of mechanical bending on TiO2 nanotubes revealed that the conductivity
would increase when bending deformation happened. The defects on the nanotubes
created by deformation helped electron transportation to increase the conductivity. Lastly,
the electrochemical properties of amorphous TiO2 nanotubes were characterized by in
situ TEM system. The direct chemical and imaging evidence of lithium-induced atomic
ordering in amorphous TiO2 nanotubes was studied. The results indicated that the
lithiation started with the valance reduction of Ti4+ to Ti3+ leading to a LixTiO2
intercalation compound. The continued intercalation of Li ions in TiO2 nanotubes
triggered an amorphous to crystalline phase transformation. The crystals were formed as
nano islands and identified to be Li2Ti2O4 with cubic structure (a = 8.375 Å). This phase
transformation is associated with local inhomogeneities in Li distribution. Based on these
observations, a new reaction mechanism is proposed to explain the first cycle lithiation
behavior in amorphous TiO2 nanotubes
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Chapter 1 Introduction
1.1.

Battery Development Throughout the Years
Energy storage has been a hot topic in recent times, since the natural sources have

been nearly depleted from the US Energy Information Administration (EIA). It is
necessary to develop new and efficiency materials for energy storage. Batteries have been
attracted much attention as one type of the energy storage systems. The principle of
battery system is to convert stored chemical energy into electrical energy by
electrochemical reduction-oxidation reactions.1 There are two electrodes in the batteries;
a positive electrode (cathode) and a negative electrode (anode), as well as electrolytes,
which can be solid or liquid to contact both of the electrodes as a bridge as shown in
Figure 1.1. The two electrodes will transfer energy through electrochemical reductionoxidation reactions to release electrons to outer circuit load.

Figure 1.1 The schematic picture of battery system.
19

The battery, which consists of zinc as negative electrode, copper as positive
electrode and sulfuric acid as electrolyte, was first invented by Alessandro Volta in 1800.
Since then, many other types of battery systems have been developed as shown in Figure
1.2.

Figure 1.2 Comparison of the different battery technologies in terms of volumetric and
gravimetric energy density.1 (Reprint with the permission from Nature, 2001, 414, 359367. Copyright, 2001, Nature Publishing Group)
Energy density, which is the amount of energy stored in the system, is one major
criterion to evaluate the battery performance. Energy density is usually measured in two
ways, mass and volume. Gravimetric energy density is measured by mass (m) and
volumetric energy density is measured by volume (v). The energy in a battery is

20

determined by the time (t) of depth of discharge, the current (I) in the battery, and the
voltage (V) in the system as shown in Equation (1.1).
Energy density =

𝐼×𝑣×𝑡

(

𝑊×ℎ

𝑚 𝑜𝑜 𝑣 𝑘𝑘 𝑜𝑜 𝐿

)

(1.1)

In Figure 1.2, from the known battery technologies of lead-acid, nickel-cadmium,
nickel metal hydroxide and plastic-LiON, lithium batteries have the highest gravimetric
energy density as well as the volumetric energy density. For lithium batteries, lithium
metal was initially a good candidate as an anode material because of its light weight (0.53
g·cm-3), high specific capacity (3862 mAh·g-1), and highest operation voltage (-3.04 V).
However it did not become widely used in market today because of the drawbacks of fast
degradation and short circuit1. In 1991, Sony developed the first lithium ion battery that
used carbonaceous as electrodes, which could safely store lithium2. After that, lithium ion
battery becomes one of the most popular batteries in commercial world based on its light
weight, small size, and high capacity.3

1.2.

Lithium Ion Batteries
The scheme of lithium ion battery is shown in Figure 1.3, consisting of LiCoO2 as

cathode and carbon graphite as anode. When charging, the lithium ions will be produced
by the positive electrode and move by force through an electrolyte to the negative
electrode. LiCoO2 produces lithium ions and graphite stores the lithium ions among
layers. When discharging, the negative electrode will release electrons to load in outer
circuit and the lithium ions will go back to the positive electrode. The reduction-oxidation
reactions in both electrodes are shown below in Equation (1.2) and (1.3).
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Positive electrode:

Negative electrode:

𝐿𝑖𝐶𝑜𝑂2 ↔ 𝐿𝑖(1−𝑛) 𝐶𝑜𝑂2 + 𝑛𝐿𝑖 + + 𝑛𝑒 −

𝑛𝐿𝑖 + + 𝑛𝑒 − + 6𝐶 ↔ 𝐿𝑖𝑛 𝐶6

(1.2)

(1.3)

Figure 1.3 The schematic picture of lithium ion battery with the positive electrode of
LiCoO2 and negative electrode of carbon graphite. The green and blue arrows represent
charge and discharge process, respectively.
However, with the increasing needs for new electronic devices and vehicles, how to
increase the power and improve the performance of batteries has been an issue. Thus, the
batteries are being modified through replacing electrode materials and electrolytes in
order to increase the energy density. One way of fulfilling the goal is to change the anode
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materials to improve the performance, including capacity and cycling life. In recent years,
many new anode materials have been researched as listed in Table 1.1.
Table 1.1 Anode materials in lithium ion batteries.
Anode Materials

Operating Voltage

Theoretical Capacity

Graphite (LiC6)

0.1-0.2 V4

372 mA⋅h/g

TiO2 (LiTiO2)

1-2 V4

336 mA⋅h/g

Si (Li4.4Si)

0.5-1 V5

4212 mA⋅h/g

Ge (Li4.4Ge)

0.7-1.2 V6

1624 mA⋅h/g

Al(AlLi)

0.01-0.267

993 mA⋅h/g

SnO2 (Li4.4Sn)

0.05-38, 9

781 mA⋅h/g

ZnO (Li2O+LiZn)

1.5-2.5 V10

978 mA⋅h/g

(fully lithiated phase)

In a battery, the overall voltage is decided by the potential difference between
cathode and anode. When the cathode material is selected, the potential of anode material
will determine the voltage of a battery. Table 1.1 lists several interesting anode materials,
including their operational voltages versus Li/Li+ and theoretical capacities. The
operating voltage of anode materials is the voltage of initialing lithiation and delithiation
reactions. At the operational voltage, lithium ions can insert into and exact from anode
23

materials. The theoretical capacity is the maximum amount of lithium ions that can be
stored in anode materials. The value is calculated according to Equation (1.4).
Theoretical capacity =

𝑛×𝐹
𝑀

�

𝑐×𝑚𝑜𝑙 −1

𝑘×𝑚𝑜𝑙 −1

�=

𝑛×𝐹 𝑚×𝑠
𝑀

�

𝑘

�=

𝑛×𝐹

𝑀×3.6

�

𝑚𝑚×ℎ
𝑘

�

(1.4)

In Equation (1.4), n is the number of ions (electrons transferred) involving in the
lithiation reaction. F is the Faraday constant (96485 C⋅mol-1) and M (g⋅mol-1) is the molar
mass of the anode. Examples of calculations are listed in Equation (1.5).
𝐿𝑖 + + 6𝐶 + 𝑒 − → 𝐿𝑖𝐶6 ; 𝐿𝑖 + + 𝑇𝑖𝑂2 + 𝑒 − → 𝐿𝑖𝑇𝑖𝑂2

(1.5)

For graphite, one Li+ will react with 6 carbons to form LiC6. Based on Equation
(1.5), n is 1 and M is 72 g⋅mol-1. Thus, the theoretical capacity equals to 372 mAh·g-1.
For TiO2, the total number of electrons transferred is 1 (n = 1) and M is 79.87 g⋅mol-1.
The calculated theoretical capacity according to Equation (1.4) is 336 mAh·g-1.
Among these anode materials, titanium dioxide nanotubes have been studied in my
PhD research and the details will be discussed in the coming sections.

1.3.

Titanium Dioxide Materials
Titanium dioxide (TiO2) is an n-type semiconductor and a typical photocatalyst,

attracting much attention from both fundamental and practical viewpoints.11 In recent
years, many low dimensional TiO2 materials, such as nanowires, nanotubes, and nanorods
have been successfully synthesized. Among them, TiO2 nanotubes are particularly
interesting, partly because of their large specific surface areas and their tubular structures,
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which may supply a sufficient numbers of points for the reaction. Researchers increased
attention on TiO2 nanotubes due to their unique properties in energy storage application
like batteries. Compared to graphite, TiO2 nanotube has almost the same theoretical
capacity (∼336 mAh/g) based on Equation (1.4) as that of commercially used graphite
(∼372 mAh/g), but its volume expansion is only about 3%.12 In addition, the operation
voltage of graphite is 0.1 V (Li+/Li redox couple), which may lead to the possibility of
lithium plating during charge when exposed to the air.13 However, for TiO2 nanotube, it
is as high as 1.7 V (Li/Li+ redox couple). The higher operation voltage not only bring
safer battery operation, lower self-discharge and good capacity retention during cycling4
because of chemical stability and small volume expansion, but also works with several
novel cathode materials (LiCoPO414 and LiCo0.5Mn1.5O415) to achieve Li-ion batteries
with high voltage (5 V).
The morphological structures of TiO2 nanotube can be divided into amorphous and
crystalline.11 The simulation structure of amorphous TiO2 and corresponding TEM image
are shown in Figure 1.4(a-b). In the simulation structure, one can notice that the atoms of
Ti and O are randomly distributed in the structure and no unit cell exists.16 As an n-type
semiconductor, the band gap of TiO2 in amorphous state is 3.2-3.5 eV,17 illustrating the
poor electronic performance. The amorphous TiO2 is thermal stable in the room
temperature and the structures will transform to crystalline with the temperature higher
than 300 0C.18 Because of the good mechanical properties of amorphous TiO2 with high
strength-to-weight, it can be applied in the biochemical field such as bone implant19 with
the Young’s Modulus of as high as 230 GPa.
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Anatase is one of the crystalline forms of TiO2 as shown in Figure 1.4(c-d). This is a
tetragonal structure where every Ti octahedrally bonds to six O ions.20 Unlike amorphous
TiO2 with many defects in the structure, the anatase has ordered structures, which can
help electrons transportation in the structures. The results show that in anatase state, the
band gap of TiO2 is 3.2 eV,21, 22 which is smaller than in amorphous state. As previous
discussed, the amorphous TiO2 will transform to anatase when the temperature is higher
than 300 0C, which means the anase is more thermal stable than amorphous. In the range
of 300-800 0C,18 the anatse will hold its whole or partial structures. When the temperature
is higher than 800 0C, the rutile structures will form. The mechanical performance of
anatase without many defects behaves a little better than amorphous.

Figure 1.4 Amorphous structures of TiO2, (a) simulation structure,16 and (b) TEM image.
Anatase structures of TiO2, (c) unit cell, and (d) HRTEM image showing the lattice
structures. (Reprint with the permission from The Journal of Physical Chemistry C, 2011,
115, 15661-15673. Copyright, 2001, American Chemical Society)
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1.4.

Amorphous TiO2 as anodes for Li-ion Batteries
Figure 1.5 depicts the phase diagram of Li-Ti-O. In the diagram, two stable phases

can be found during lithium insertion, which are Li0.5TiO2 and LiTiO2, respectively

Figure 1.5 The phase diagram of Li-Ti-O obtained using MaterialsProject.com.
The insertion reaction of Li ions into both amorphous and crystalline TiO2
nanotubes can be totally expressed as Equation (1.6):23
𝑇𝑖𝑂2 + 𝑛𝐿𝑖 + + 𝑛𝑒 −1 ↔ 𝐿𝑖𝑛 𝑇𝑖𝑂2

(1.6)

In this redox reaction, the insertion of positively charged Li+ is balanced with an
uptake of electrons to compensate for Ti3+ cations in the Ti4+ sublattice. The theoretical
calculations have been predicted the relationship between Ti3+ and x.20,

24-29

The

experimental results observed in X-ray photoelectron spectroscopy (XPS) have proved
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the presence of Ti3+ states in LixTiO2. The x value determined from core level (Ti 2p)
peak intensities is correlated to the amount of Li+.30, 31 The energy density of TiO2 in
mass and volume under the voltage of 1.8 V has been calculated in Equation (1.7) and
(1.8), respectively.
Energy density (mass) =
Energy density (volume) =

𝐼×𝑉×𝑡 𝑚𝑚×𝑉×ℎ
𝑚

(

𝑔

𝐼×𝑉×𝑡 𝑚𝑚×𝑉×ℎ
𝑣

(

𝑔
𝜌

) = 336 × 1.8(

𝑊ℎ
𝑘𝑘

) = 605(

) = 336 × 1.8 × 4.23(

𝑊ℎ
𝑙

𝑊ℎ
𝑘𝑘

(1.7)

)

) = 2558 �

𝑊ℎ
𝑘𝑘

�

(1.8)

The behavior of charge and discharge curves for amorphous TiO2 nanotube is shown
in Figure 1.6. The charge-discharge cycles can be operated in a large range of potential
(~1-3 V), which is attributed to the considerable disordered structures and defects in
amorphous TiO2. The various rate of charge-discharge showing in different color is
presented in Figure 1.6(a). The discharge capacity is controlled by the rate and when
increasing the rate, the capacity will decrease. Figure 1.6(b) depicts the cycling ability of
amorphous TiO2 in two different current densities of 10 and 30 A g-1. The specific
capacity decreases slightly after the first discharge due to the irreversible capacity loss in
the first cycle and remains stable after hundreds of cycles. The coulomb efficiency after
hundreds of cycles is also plotted in Figure 1.6(c), showing the good cycling performance
of amorphous TiO2.32
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Figure 1.6 Charge and discharge curves for amorphous TiO2 nanotube.32 (a) the chargedischarge curves in various rate, (b) cycling performance and (c) coulomb efficiency of
amorphous TiO2 at the current densities of 10 and 30 A g-1. (Reprint with the permission
from Nanotechnology, 2009, 20, 225701. Copyright, 2009, IOP Publishing)
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1.5.

The Order of Chapters in the PhD Dissertation
Chapter 2 describes the experimental method of growing TiO2 nanotubes. There are

many synthesis methods as mentioned in the introduction and each growing method has
its unique features. In this research project, the TiO2 nanotubes were synthesized by
electrochemical method (anodization methods). The easiest set up and flexible
environment are one of the advantages for anodization methods. Also, the as-grown
nanotubes have uniform and aligned structures. In addition, an in situ transmission
electron microscopy (TEM) holder equipped with scanning tunneling microscopy (STM)
tip was introduced. The configuration of the holder and way of sample preparation were
described in the chapter. This new technique helps to investigate structural evolution in
real time.
Chapter 3 introduces a systematic study was conducted to correlate diameter and
length of TiO2 nanotubes to the anodization voltage and time. The nanotubes arrays were
directly synthesized by anodization in ethylene glycol electrolyte containing NH4F
solution, which is less dangerous than conventional HF electrolyte. The current-voltage
behavior of nanotubes during anodization was explained based on the nanotube growth
theory. The physical properties of TiO2 nanotubes were quantitatively measured and
compared after 4, 8, and 16 hours anodization under 20, 40 and 60 V. This study found
that the average diameter of the nanotubes remained unchanged with increasing
anodizing time, but increased with voltage because of the stronger electrical field density
related with higher voltage. The length of the nanotubes increased with higher
anodization voltage and longer anodization time.
30

Chapter 4 investigates the structural instability of TiO2 nanotubes subjected to
treatment with ammonium hydroxide (NH4OH) solution prior to calcination at elevated
temperatures. The nanotubes were disintegrated into nanoparticles and the tubular
morphology vanished after 2 hours of calcination at 500 °C. The nature of the structural
collapse in the NH4OH treated TiO2 nanotubes was studied. It was found that the
volumetric changes during the amorphous to anatase phase transformation and surface
cracking were key during the collapse of NH4OH-treated TiO2 nanotubes.
Besides analyzing phase transformations of nanotubes in the traditional way, a new
and fast way is created by in situ Joule heating in Chapter 5. A high-resolution
transmission electron microscope (TEM) equipped with a scanning tunneling microscopy
(STM) probe by Joule heating was used to induce phase transformation of anatase TiO2
nanotubes into rutile nanoparticles. The phase transformation involved three processes.
Under a bias heating of 10 V, the anatase TiO2 nanotube broke into ultrafine anatase
nanoparticles of average size between 5–10 nm. On further increasing the bias voltage to
20 V, the nanoclusters of anatase particles became prone to a solid state reaction and was
grown into stable rutile nanoparticles of size ranging between 20–25 nm. The formation
of rutile nanoparticles was confirmed by the observation of diffraction pattern and high
resolution imaging of these particles, which corresponds to the tetragonal TiO2 rutile
phase.
In situ STEM system can also help to observe the materials structures changing in
real time. In Chapter 6, the deformation driven modulation of the electrical transport
properties of an individual anatase TiO2 nanotube was studied. The current-voltage
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characteristics of each individual anatase TiO2 nanotube revealed that under bending
deformation within the elastic limit, the electrical conductivity of a TiO2 nanotube could
be enhanced. High resolution TEM (HRTEM) and electron diffraction pattern revealed
that TiO2 nanotubes had tetragonal structure (a=0.378 nm, c=0.9513 nm, I41/amd).
Analysis based on a metal-semiconductor-metal model suggested that in-shell, surface
defect-driven conduction modes and the electron–phonon coupling effect were
responsible for the modulated semiconducting behaviors.
Chapter 7 continues the study of deformation driven modulation by in situ STEM
system to analyze the effect of mechanical deformation on the electrical transport
properties of an amorphous TiO2 nanotube. Under no mechanical straining, it was found
that TiO2 nanotubes behaved as electrical insulators. However, the nanotubes showed
semiconducting behavior when they were in a highly deformed state. On the basis of a
metal-semiconductor-metal model, it was suggested that in-shell defects, surface defectdriven conduction modes and the electron-phonon coupling effect were responsible for
the appearance of semiconducting behaviors.
Chapter 8 discusses electrochemical behavior of TiO2 nanotubes as anode materials
in lithium ion batteries by in situ TEM. In this chapter, we report the first direct chemical
and imaging evidence of lithium-induced atomic ordering in amorphous TiO2
nanomaterials and propose new reaction mechanisms that contradict the general belief on
the lithiation behavior of these materials. The lithiation process was conducted in situ
inside an atomic resolution transmission electron microscopy. Our results indicate that
the lithiation started with the valance reduction of Ti4+ to Ti3+ leading to a LixTiO2
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intercalation compound. The continued intercalation of Li ions in TiO2 nanotubes
triggered an amorphous to crystalline phase transformation. The crystals were formed as
nano islands and identified to be Li2Ti2O4 with cubic structure (a = 8.375 Å). The size of
the crystalline islands provides a characteristic length scale (~ 5 nm) at which the atomic
bonding configuration has been changed within a short time period. This phase
transformation is associated with local inhomogeneities in Li distribution. Based on these
observations, a new reaction mechanism is proposed to explain the first cycle lithiation
behavior in amorphous TiO2 nanotubes.

33

Chapter 2 Experimental Method
As mentioned in the introduction chapter, four major methods are listed for
synthesizing TiO2 nanotubes. In this research project, TiO2 nanotubes were grown by
anodization method, which was first invented by Gong.33 The details about TiO2
nanotubes synthesis procedure and in situ TEM sample preparation are discussed below.

2.1.

TiO2 Nanotube Synthesis
The TiO2 nanotubes were grown by the anodization setup. Titanium foil (Sigma-

Aldrich, 0.25 mm thick, 99.99%) was used as the substrate for growth of the oxide
nanotube arrays. The foils were sonicated in the sequence of ethanol, deionized water,
and acetone for 10 minutes each. Titanium foils served as the anodic electrode while
platinum was used as the cathodic electrode. Electrolyte used in the experiment was 0.2
wt% NH4F solution in a plastic beaker, which was prepared with NH4F crystals, ethylene
glycol, and deionized water with the ratio of 49:1 that helped dissolve the NH4F crystals.
Figure 2.1(a) shows the detailed setup.
Initially, Ti reacted with electrolyte to form a TiO2 layer on the surface. The TiO2
layer would react with NH4F when F- is the dominant ion in the system.34 In this
condition, the surface of the compact oxide layer was selected to dissolve in the
electrolyte (known as etching). The etching rate varied at different areas of the oxide
layer due to the differences in the magnitude of stress on the surface of oxide film. This
selective etching produces porous structures on the surface.34 The nanotubular structures
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are formed through two processes: oxidation of titanium and oxide dissolution, which can
be summarized as two reactions.35-37 The whole nanotubes growing process and reaction
mechanism are shown in Figure 2.1(b).

Figure 2.1 (a) Anodization setup. (b) Schematic of synthesis process of TiO2 nanotubes.
(c-d) FESEM images of surface and cross section views of TiO2 nanotubes.
The anodization process was conducted at the voltage of 60 V for the processing
time of 16 hours at room temperature. After completing the anodization experiments, the
titanium foils were rinsed with deionized water and dried in the atmosphere. The TiO2
nanotubes were characterized by FESEM and the surface and cross section images were
shown in Figure 2.1(c-d).
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2.2.

In Situ TEM Setup
A new in situ holder is designed recently, which could help to conduct the

experiment in real time comparing with the traditional holder. The configuration of in situ
holder is shown as Figure 2.2(a).

Figure 2.2 (a) Configuration of in situ holder. (b) Experimental view of in situ holder in
the TEM.
The in situ holder is separated into two parts, stationary and piezo-movable. A
scanning tunneling microscopy (STM) tip can be equipped into the electronic device in
the stationary stage, which can apply voltage or current into the system. The gold wire
can be mounted in the hat sitting on the piezo-movable stage, which can help to move the
gold wire in X, Y, and Z directions with a precision of 1 nm. The experimental view of in
situ holder inside TEM is shown as Figure 2.2(b). The STM tip with sample is on the left
top and the gold wire with Li2O is on the right bottom.
The details of the TiO2 nanotubes sample preparation are described in Figure 2.3.
The nanotubes were scratched off from the substrate and then glued to STM tip with
conductive epoxy glue. Lithium metal was scratched by a gold wire inside the glove box,
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and transferred by a sealed container with Ar gas. Both W and Au were placed on the
stationary and piezo-movable sides of an in-situ scanning tunneling microscope (STM)
that operated inside a TEM, respectively. The naturally grown Li2O layer on the surface
of the Li metal served as the solid electrolyte for Li transport. The Li2O/Li electrode side
was moved forward to contact one of the TiO2 nanotubes. Once a good contact was built,
a potential voltage ranging from -2 to -4 was applied to the TiO2 nanotube to initiate the
lithiation.

Figure 2.3 Schematic illustration of the in situ TEM setup for the lithiation/delithiation
studies of amorphous TiO2 nanotubes. The nanotubes are placed on the STM tip that is
biased negatively with respect to the Li/Li2O counter electrode.
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Chapter 3 Effect of Processing Parameters on the Physical
Characteristics of Anodized TiO2 Nanotubes 1
3.1.

Introduction
In recent years, researchers increased work on titanium dioxides nanomaterials due

to their unique properties in optics,33 electronics,38 and biology.39-43 Among various TiO2based nanomaterials (nanowires, nanotubes, and nanorods), TiO2 nanotubular structures
are particularly interesting because of their large specific surface areas and tube-like
structures, which may supply much more reactive sites for the reaction. Gong et al. first
produced titanium dioxide nanotubes arrays with the length up to 500 nm by
electrochemical anodization in a HF aqueous electrolyte.33 Over the past several years,
the formation of titanium nanotubes arrays has been reproduced by many other methods
including template synthesis,44 layer-by-layer assembly strategy,45 and hydrothermal
processes.46 Table 3.1 summarized the work of several research groups on the synthesis
of nanotubes with different diameter and length.

1
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Table 3.1 TiO2 Nanotubes Synthesized by Various Methods
Synthesis Methods

Diameter

Length

Preparation Materials

65 nm

250 nm

110 nm

4.4 μm

47-49

with DMSOa, EGb, FAc,
50

150 nm

134 μm

20-280 nm

0.2-7.4 μm

9-10 nm

122 nm

Precursor material with TiO2

20 nm

1 μm

in NaOH solution

54

100 nm

7 μm

Anodic alumina template

55

Hydrothermal

Sol-gel

d

NMF , or glycerol
51, 52

11, 53

membrane with pores dip into
120 nm

Assembly

33

Either HF, NaF, KF, or NH4F

Anodization

Layer by Layer

Reference

56

1.5 μm

TiO2 sol
Prepare TiO2 and TiO2 based

215 nm

compound using Layer by

60 μm

45

Layer strategy

a. Dimethyl Sulfoxide; b. Ethylene Glycol; c. Formamide. d. N-Methylformamide
Based on Table 3.1, different fabrication methods can produce TiO2 nanotubes
arrays with a broad range of diameters and lengths. Even for the same method, different
synthesis conditions lead to different diameters and lengths. Among the four methods,
anodization is the most popular, due to its simple operation and easy control of diameters
and lengths. Many anodization factors can affect the morphology of the TiO2 nanotubes,
39

such as electrolyte composition, temperature,57,

58

water concentration,51 anodization

voltage and time, formamide,50 ethylene glycol,36 polyethylene glycol,59 DMSO60 and
glycerol51, 52 containing fluoride ions have been studied as the anodization electrolyte.
Due to their different viscosities, the TiO2 nanotubes show different lengths and
diameters. For NH4F-glycerol system, the relation between the tube morphology and
various anodization parameters, including the fluoride and water concentration,
have been systematically studied.51 Generally, the

anodization voltage and time,

diameter and length of TiO2 nanotubes increase with elevated anodization voltage. NH4Fethylene is another important electrolyte system. Comparing to other electrolyte
candidates, especially HF, NH4F is much safer. For NH4F-ethylene glycol electrolyte,
the effects of water concentration and acidity have been studied.61 As far as we know,
there is no systematic study of quantify the effects of anodization voltage and time for
NH4F-ethylene glycol system. In practical applications, the morphology of TiO2
nanotubes is a vital factor in determining the device performance, such as in areas of
solar cell,11,

34, 62-69

batteries,70,

71

and biomedical implants.72-76 So, it is necessary to

systematically study the NH4F-ethylene glycol system, which is possibly as reference for
a controlling the morphology of anodized TiO2 nanotubes. In this work, a systematic
study was conducted to quantitatively measure the geometrical properties of TiO2
nanotubes to correlate them with the anodization voltage and time.

3.2.

Experimental Procedure
Titanium foil (Sigma-Aldrich, 0.25 mm thick, 99.5%) was used as the substrate for

growth of the TiO2 nanotubes arrays. Prior to anodization, all the foils were sonicated in
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ethanol, deionized water, and acetone, each for 10 minutes. After drying, the back side
and edges of the samples were wrapped with Teflon. For each foil, 1 cm x 1 cm area was
left for anodization. The anodization system was composed of two-electrode
electrochemical cell. Titanium foil served as the anodic electrode while platinum mesh
was used as the cathodic electrode. Electrolyte used in the experiment contained 0.2 wt%
NH4F, ethylene glycol and deionized water with the volume ratio of 49:1. Voltage was
applied by a DC - Power and the current was measured by a Keithley® 2100 Digital
Multimeter. The anodization process was performed under the voltages of 20, 40 and 60
V. The anodization times were 4, 8 and 16 hours at room temperature. After the
anodization experiments, the titanium foils were rinsed with deionized water and dried in
the atmosphere for further characterization. The surface structures were observed by
Hitachi S-4700 scanning electron microscopy (SEM) under the operating voltage of 10
kV. An in-house image analysis software was developed in Matlab software to
characterize the distribution of diameters and lengths in nanotubes.

3.3.

Result and Discussion

3.3.1.

Mechanism of TiO2 Nanotubes Formation

The formation mechanism of TiO2 nanotubes has been extensively studied.34-37
Initially, titanium reacts with electrolyte to form a TiO2 layer on the surface. The TiO2
layer reacts with NH4F when F- is the dominant ion in the system.34 In this case, the
compact oxide begins to be etched and dissolved in some areas. The etching rate varies at
different areas of the oxide layer due to the differences in the magnitude of stress on the
surface of oxide film. This selective etching produces porous structures on the surface.34
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The formation of nanotube structure includes two processes: oxidation of titanium and
TiO2 dissolution, which can be summarized as two reactions as follows:35-37
Oxidation:

Ti + 2H2O → TiO2 + 4H+ + 4e

Dissolution: TiO2 +6F-+4H+ → [TiF6]2-+2H2O

(3.1)
(3.2)

Inside a pore, there are two interfaces: solution/oxide and oxide/metal. The
oxidation of titanium (Reaction 3.1) happens on the metal/oxide interface at the pore
bottom during the transport of the oxygen-containing ions [Figure 3.1(a)]. At the same
time, the TiO2 layer would dissolve in the electrolyte, indicating Ti4+ migrate from metal
to the solution/oxide interface [Figure 3.1(b)], shown as Reaction 3.2. The electrical field
can enhance the migration of the metal ions, which is called field-enhanced dissolution.
The increase of the pore size gives the electrolyte a chance to penetrate into the
oxide/metal interface to form the second oxide layer with the following etching by the
electrical field. Thereafter, the morphology of TiO2 exhibit layer by layer structures on
the surface. With the increase of electrical field intensity at the pore bottom, when is
much higher than that at the wall, Ti starts to be consumed at a high rate near the bottom
of the pore, allowing continuous increasing the pore depth. During the increase of the
pore depth, the tube starts to shrink because of the surface tension and internal surface
area increasing. When the neighbored pores were close enough, the surface tension
induced on the oxide layer would pull apart the pores, eventually resulting in the pore
separation and the tube formation [Figure 3.1(c)]. In current work, bamboo-type TiO2
nanotubes were found as shown in Figure 3.1(d), which support the layer by layer growth
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mechanism of TiO2 nanotubes. The formation of bamboo-type morphology is related
with the fluctuation of anodization current, which is caused by the diffusion and
breakdown of TiO2 layer at nanotubes bottoms.52, 77

Figure 3.1 Schematic diagram of TiO2 nanotubes formation: (a) formation of oxide layer,
(b) pore growth due to dissolution reaction, (c) nanotubes formation layer by layer, and (d)
SEM image of bamboo-type nanotubes.
3.3.2.

Anodization Current-Voltage Behavior
Figure 3.2 shows the changes in current density as a function of time at three

different anodization voltages: 20, 40, and 60 V. When the voltage was applied to the
system, the current increased quickly due to the metallic nature of titanium foil. That
initial drastic current was followed by a drop because of the formation of compact
titanium dioxide layer on the surface, which increased the resistance. The pores started to
form due to the dissolution of the titanium dioxide in solutions containing fluoride ions.
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The current densities stopped decreasing until a stable and ordered pore growth had been
established.

Figure 3.2 Current density (J-t) curves at three different anodization voltages.
As shown in Figure 3.2, the maximum current increases with increased voltage. Due
to the same electrolyte and electrodes, the total resistance of the system remains the same
in all three cases. It is expected that the higher voltage caused higher maximum current
and faster oxidation reaction (Reaction 3.1). The inset in Figure 3.2 shows the current
drop rate curves. The current drop rate (dI/dt) at 40 and 60 V is much higher in
comparison to that at 20 V. This is related with faster growth of oxide layer in 40 and 60
V, which increase the electrical resistance of the system. In the case of 20 V, the oxide
layer may have not completely covered the surface at about 20 second. That is why the
peak starts to increase and then decrease between 20 and 60 seconds in the 20 V case.
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3.3.3.

The Effect of Anodization Time on the Diameter of Nanotubes
Figure 3.3(a-d) shows the SEM images and the corresponding diameter analysis

results for samples after 4, 8, and 16 hours anodization under 40 V. As shown in Figure
3.3(d), the average diameter of nanotubes after 4 hours anodization was 66 nm. As the
time increased to 8 and 16 hours, the average diameters increased to 67 and 74 nm,
respectively. Even though the time increases considerably, the diameter only increases by
about 10% and the difference is statistically insignificant. This relatively small increase
on diameter with longer anodization time can be explained by the mechanism of TiO2
nanotubes formation. Under applied voltage, the electric-field-assisted anodization of
titanium occurs at the metal/oxide interface. After that, the dissolution process occurs.
The diameter forms at the beginning stage of dissolution process, where the reaction rate
is quite fast. Therefore, we believe that the anodization time will not substantially affect
the diameter of nanotubes.
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Figure 3.3 FE-SEM images of the free end of the nanotubular structure obtained under
40 V after different anodization time (a) 4, (b) 8, and (c) 16 hrs. (d) The plot for diameter
distribution of nanotubes. The average diameter was calculated to be 66, 67 and 74 nm
for 4, 8 and 16 hours, respectively.
3.3.4.

The Effect of Anodization Voltage on the Diameter of Nanotubes

Figure 3.4 shows the diameter of nanotubes under two different voltages of 20 and
60 V after 16 hours anodization. The distribution plot in Figure 3.4(c) provides a
comparison between the diameters of the nanotubes under different anodization voltages.
When the voltage increases from 20 [Figure 3.4(a)] to 40 V [Figure 3.3(c)], the average
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diameter of the nanotubes increases from 54 to 74 nm. With further increase to 60 V
[Figure 3.4(b)], the diameter of nanotubes increase to 144 nm, which is almost the double
of the diameter under 40 V. The anodization voltage is the main factor affecting the
etching speed. Higher voltage supplied higher current and produced stronger electrical
intensity. This directly accelerated the migration of metal ions. Therefore, more titanium
metals were involved in the dissolution process, resulting in formation of TiO2 nanotubes
with large diameter.

Figure 3.4 FE-SEM images of the tubular structures obtained after 16 hours anodization
under different voltage: (a) 20 V, and (b) 60 V. (c) The plot for diameter distribution of
nanotubes. The average diameter was 54, 74 and 144 nm for 20, 40 and 60 V,
respectively.
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Generally, the diameter of TiO2 nanotube is proportional to the applied voltage and
can be described as d=k×V, where k is the growth coefficient.78 In current work, the
growth coefficient is about 2.3. In the glycerol-NH4F system, the growth coefficient is
about 6 where the electrolyte is composed of 0.27M NH4F with 1:1 ratio of glycerolNH4F.51 The main differences are the concentration of F- and electrolyte viscosity. It has
been found that the concentration of F- does not affect the diameter of TiO2 nanotubes.51
The different growth coefficient is mainly caused by the different viscosity. The viscosity
of 50% glycerol-50% H2O and ethylene glycol is about 0.004 and 0.022 Pa•s,
respectively.58 The relatively higher viscosity of ethylene glycol limits the migration of
ions and increases the electrical resistance of the anodization system, which reduces the
diameter of the TiO2 nanotubes.
Figure 3.5 summarizes the effect of anodization voltage and time on the diameter of
nanotubes. Overall, the anodization voltage is more effective to change the diameters of
TiO2 nanotubes than that of anodization time. Under constant voltage, the diameter only
increases slightly with longer time. On the other hand, under constant anodization time,
the diameter increases substantially when the anodization voltage increases.
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Figure 3.5 The change in diameter of TiO2 nanotubes arrays as a function of anodization
time and voltage.
3.3.5.

The Effect of Anodization Time on the Length of Nanotubes

Figure 3.6 shows the SEM images after 4, 8, and 16 hours anodization under 60 V.
From the cross section view in Figure 3.6(a), most of the nanotubes bundled together.
Some nanotubes were broken and twisted due to the interaction forces among the
nanotubes. The average length of nanotubes is 5493 nm after 4 hours anodization. When
the anodization time increased from 4 to 8 hours, the length of nanotubes increased from
5493 to 6754 nm, as shown in Figure 3.6(b). With further increase to 16 hours, the length
of nanotubes can increase up to 10000 nm. The chemical dissolution of oxide with time
may have caused the relatively less length increase from 8 hours sample to 16 hours
samples. The titanium substrate was consumed at a high rate near the bottom of the pore
and supplied the continuous growth of the pore depth, which represented the length of
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nanotubes. Based on the J-t curves (Figure 3.2), the reaction rate stayed in equilibrium for
a long time that gave the growth process at an almost constant rate. Therefore, increasing
anodization time can produce longer TiO2 nanotubes.

Figure 3.6 The tubular structures under 60 V after various anodization time (a) 4, (b) 8,
and (c) 16 hours, respectively.
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3.3.6.

The Effect of Anodization Voltage on the Length of Nanotubes

Figure 3.7 shows the SEM images after 16 hours under 20 and 40 V. It is obvious
that the length of nanotubes increased with elevated voltage. The length of nanotubes in
Figure 3.7(a) is about 1388 nm after 16 hours anodization. The lengths of nanotubes
under 40 and 60 V were 6114 nm [Figure 3.7(b)] and 10000 nm [Figure 3.6(c)],
respectively. Higher voltage will produce stronger electrical field. A stronger electrical
field can dissolve more titanium and allow continuous growth of the pore depth, resulting
in longer nanotubes formation. Similarly, the relatively less increased should be
contributed by more dissolution of oxide at higher voltage. The glycerol-NH4F system
found the similar phenomena with increased voltage.

Figure 3.7 The tubular structures after 16 hours anodization under different voltage: (a)
20, and (b) 40 V, respectively.
Figure 3.8 summarizes the effect of anodization time and voltage on the length of
nanotubes. Generally, both long anodization time and high voltage can increase the
length of the nanotubes. But at voltage less than 20 V, even longer anodization time will
not increase the length significantly due to the low etching process. When voltage was
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increased to 20 V or higher, the increase of anodization time significantly increased the
length of nanotubes.

Figure 3.8 The change in length of TiO2 nanotubes arrays as a function of anodization
time and voltage.
In current work, the correlation between morphologies of TiO2 nanotubes
(diameter and length) and anodization parameters (voltage and time) were systematically
investigated. It has been proved that the morphologies of TiO2 nanotubes are critical for
various practical applications. The results in the work can provide guidance for size
control of TiO2 nanotubes growth. Different size of TiO2 nanotubes plays a key role in
the charge/discharge performance in Li ion batteries. Furthermore, the Na battery system
requires the diameter of TiO2 nanotube is at least larger than 80 nm. Another advantage is
that, the synthesized TiO2 nanotubes in current work are smooth and avoid the formation
of nanograss.
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3.4.

Conclusion
The present work investigates the change of diameter and length of TiO2 nanotubes

with different anodization time and voltage in ethylene glycol electrolyte containing
NH4F solution, which is less dangerous than conventional HF electrolyte. The currentvoltage behavior of nanotubes during anodization was explained based on the nanotube
growth theory. In addition, the geometrical properties of nanotubes were quantitatively
measured and compared as a function of anodization voltage and time. It was found that
the anodization time would not substantially affect the diameter of nanotubes. The
diameter of nanotubes is mainly controlled by the applied voltage. Both the voltage and
anodization time have a significant influence on the length of the TiO2 nanotubes.
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Chapter 4 Structural Instabilities in TiO2 Nanotubes 2
4.1.

Introduction
Titanium dioxide (TiO2) is a semiconductor with excellent photocatalytical

properties,79, 80 and the recent reports on fabrication of TiO2 nanotube layers33, 81-83 have
opened new perspectives for solar cell applications. The method to prepare such tubes,
based on anodization of Ti foils in diluted HF-containing electrolytes, has been reported
in recent years.81,

82

To date, TiO2 nanotube arrays of up to 1 mm length have been

achieved using ethylene glycol electrolytes.50 The electrolyte composition and pH, as
well as anodization voltage, are important factors in determining the resulting nanotube
length. Pore formation in TiO2 nanotubes is controlled through competition between
metal oxidation and oxide dissolution, with these variables in turn determined by
anodization parameters including electrolyte properties.51,

84, 85

The resulting TiO2

structures are composed of arrays of nanotubes with common diameter of about 100 nm
and the largest known value of 350 nm.86

2
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Walzack, P. Heiden, C. Friedrich, Journal of Applied Physics. 108, 104310 (2010).
Copyright 2010, American Institute of Physics.)
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Recently, Wang and Lin87 were able to fabricate a self-organized, freestanding
titania (TiO2) membrane with ultrahigh aspect ratio of the length/diameter (1500) via
electrochemical anodization of highly pure titanium (Ti) foil in fluorine containing
ethylene glycol. Later on, they showed that in aqueous electrolyte, the anodization
potential exerted significant influence on the formation of TiO2 nanotube arrays, while
the effect from the electrolyte temperature is little.88 As a consequence, TiO2 nanotube
arrays with tube diameters ranging from 20 to 90 nm and film thicknesses ranging from
several hundred nanometers to several micrometers were obtained.
The drawback is the high band gap energy (3.2 eV) of TiO2, which means that it can
be excited only by UV light (380 nm).89 Over the last decades, essentially two approaches
were intensively investigated in order to make the material more responsive to the natural
solar spectrum. One approach is to sensitize TiO2 with a suitable dye to construct an
efficient solar cell.90, 91 The other approach to obtain a good photocatalytic performance
is doping with impurities, e.g., transition metals or other elements, including C, N, F, P,
Ru, and S. It was found that substitutional N-doping is the most promising path toward
photocatalytical applications.92-95 It has been suggested that nitrogen ions substitute
oxygen atoms in the TiO2 lattice and thus the corresponding N 2p states are located above
the valence band edge. Mixing of N 2p states with O 2p states results in a reduction in the
band gap of the N-doped TiO2 and as a result, higher photoelectrochemical efficiencies
can be achieved under vis light irradiation.96 The common approach to N-doped TiO2 is
its sputtering in a gas mixture of N2 with Ar,92 annealing in pure ammonia gas,94 dc
magnetron sputtering of TiO2 electrodes in Ar/O2 /N2 mixture,93 or, alternatively, by
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immersing the as-anodized TiO2 nanotubes in nitrogen enriched media and then
calcinations at high temperatures.97
Before utilization of the titania nanotubes for different applications, factors like the
crystalline nature of the structure and stability of the desired crystalline phases must be
examined. The first work on disintegrating anodic TiO2 nanotubes into single crystalline
TiO2 nanoplates was reported.98 Their results show that high temperature annealed TiO2
nanotube arrays could be transformed into nanoplates by strong mechanical forces, e.g.,
milling or simply grinding. Here, we report the structural instability of TiO2 nanotubes
exposed to concentrated aqueous ammonia solution. High-resolution transmission
electron microscopy (TEM), Raman spectroscopy, x-ray diffraction (XRD), and atomic
force microscopy (AFM) were used to understand the nature of structural collapse in the
NH4OH treated TiO2 nanotubes.

4.2.

Experimental Procedure

4.2.1.

Synthesis

Titanium foil (Alfa Aesar, 0.25 mm thick, 99.95%) was used as the substrate for
growth of the oxide nanotube arrays. All the reagents were used as provided, and the
solutions were all prepared with deionized water obtained using a Milli-Q Reagent Water
System (Millipore, Bedford, MA, USA). Prior to the anodization, the titanium foils were
chemically polished in 1% HF aqueous solution for 2 min, rinsed with deionized water,
and dried in nitrogen. The pretreated titanium foil was anodized by using platinum foil as
cathode in an electrolyte containing dimethyl sulfoxide (DMSO) and hydrofluoric acid
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(HF, 48% aqueous solution). The anodization voltage, HF concentration in DMSO, and
duration of anodization were in the range of 60 V, 2 wt %, and 40 h, respectively.
Platinum foil was used as the counter electrode. After being anodized, specimens were
rinsed with distilled water immediately and dried. The as-anodized foils were then
immersed in concentrated aqueous ammonium hydroxide (NH4OH) solution for 30 min,
and then calcinated at 500 °C in atmosphere for 15–120 min. The nontreated titania
nanotubes were also annealed at the same condition for comparison purposes.
4.2.2.

Characterization

The surface morphologies and length of the doped TiO2 nanotube array were
observed by a field emission scanning electron microscopy (SEM), and the crystallinity
of the samples was investigated by XRD technique using a Scintag XDS2000 Powder
diffractometer. Raman spectra were collected at room temperature with a Raman
spectrometer (Jobin-Yvon HR800 Raman Spectrometer) operating with NeCd laser of
442 nm with the resolution system of ~0.1 cm−1. The crystallinity studies and elemental
analysis of the titania nanotubes separated from the titanium support were performed
using a JEOL-4000 FX TEM operated at 200 keV.

4.3.

Results
Figures 4.1(a) and 4.1(b) show the top-view SEM morphologies of the TiO2

nanotube arrays prepared by anodizing of titanium. The TiO2 nanotube arrays are tubes
with diameter of 60–90 nm and a wall thickness of about 20 nm. Most of the pore mouths
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of nanotube are open on the top of the layer. It can be seen that the nanotube arrays are
uniform over the substrate.

Figure 4.1 The SEM images of (a) as-synthesized TiO2 nanotubes arrays and (b) close of
nanotubes shown in (a).
To reveal the morphological structure of as-synthesized TiO2 nanotubes, the samples
were investigated by TEM. Figure 4.2 shows a bright field and corresponding diffraction
pattern for the nanotubes. The tubular structure with variation in wall thickness
throughout the length of the tube (marked by arrows) is evident from the figure. As one
can see, the diffraction pattern [Figure 4.2(b)] shows diffuse peaks resembling the
amorphous structures for the samples. A close examination of samples using high
resolution imaging [Figure 4.2(c)] did not reveal any sign of distinct atomic order
confirming the amorphous morphology of the as-synthesized tubes.
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Figure 4.2 The bright field (a), diffraction pattern (b), and high resolution TEM (c)
images of as-synthesized TiO2 nanotubes.
In the next step, the samples were immersed in ammonium hydroxide solution for 30
min. After 30 min the nanotubes were let to dry in air prior to SEM imaging. Figures
4.3(a) and 4.3(b) show that the NH4OH-treated nanotubes maintain their tubular
morphology. The SEM analysis of end-on nanotubes did not reveal any changes in the
tubes’ diameter or length in comparison to the tubes shown in Figure 4.1.

Figure 4.3 [(a) and (b)] The SEM images of TiO2 nanotubes treated by NH4OH for 30
min.
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Both the as-synthesized and NH4OH-treated TiO2 nanotubes were heated to 500 °C,
which is the temperature that anatase should become thermodynamically stable.18 Figure
4.4 shows SEM, bight field TEM images, and corresponding diffraction pattern of the assynthesized nanotubes after calcinations at 500C. As Figure 4.4(a) shows the annealing of
as synthesized nanotubes did not alter apparent morphology of the tubes [compare Figure
4.4(a) and 4.1(a)]. However, the TEM diffraction pattern [Figure 4.4(c)] and high
resolution imaging of the tube walls [Figure 4.4(d)] confirm the transformation of
amorphous structure to anatase phase by calcination at 500 °C.

Figure 4.4 (Color online) The SEM images show (a) as-synthesized TiO2 nanotubes after
annealing in 500 °C. [(b) and (c)] The bright field TEM image and diffraction pattern of
nanotubes shown in (a) indicate the transformation of amorphous morphology to
crystalline order in the nanotubes. (d) The high resolution TEM image confirms the
crystalline order of anatase phase and the presence of structural defects (appear as dark
contrasts).
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Interestingly, the structural studies of NH4OH-treated TiO2 nanotubes annealed at
500 °C revealed an unexpected morphological transformation. Figure 4.5 shows the SEM
images of the NH4OH-treated nanotubes. While the nontreated nanotubes maintain the
same structural morphology [compare Figure 4.3(a) and 4.1(a)], the NH4OH-treated
sample showed no sign of nanotube architects. Surprisingly, the nanotubes were being
replaced with nanoparticles of 20–30 nm size

Figure 4.5 The SEM images show the morphology of the NH3-treated TiO2 nanotubes
after calcination at 500 °C for 2 h. The treated nanotubes collapsed into nanoparticles
upon heat treatment at anatase phase transformation temperature.
To study the evolution of such structural transformation, a serious of calcination
treatments at various time steps were carried out. Figure 4.6 shows the SEM images of
NH4OH-treated TiO2 nanotubes after 0, 10, and 30 min of calcination at 500 °C. As one
can note, the morphology of NH4OH nanotubes is relatively unchanged. However after
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10 min the nanotubes start to disintegrate into small particles and this behavior is more
severe after 30 min where the nanotubes are barely maintain their tubular morphology.

Figure 4.6 The SEM images of NH4OH-treated TiO2 nanotubes after 0(a), 10(b), and 30
(c) minutes of calcination at 500 0C. The treated nanotubes start to disintegrate into small
particles.
This unexpected structural change in the NH4OH-treated TiO2 nanotubes motivated
us to further study the role of ammonium hydroxided titanium dioxide nanotubes by
XRD, Raman, and TEM. Figure 4.7 shows the XRD patterns for the untreated TiO2 and
NH3-treated TiO2 nanotubes [designated as (N)] after annealing at 300 and 500 °C
temperatures. For samples annealed at 300 and 500 °C for 2 h, the highest intensity
diffraction peaks appeared at 25.43° and 48.10°, in well accordance with the (101) and
(200) peaks of anatase titania. This indicates the formation of crystalline anatase phase,
whereas no evidence of the existence of rutile phase is observed. In 500 °C sample, two
weak peaks at 41.5° and 53.5° (marked by * symbol) appeared corresponding to Ti foil
(the substrate). The NH3-treated titania nanotubes 300 °C (N) and 500 °C (N) show no
obvious difference with the untreated nanotubes with respect to the diffraction peak
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positions of anatase phase, indicating the amount of nitrogen incorporated is too little to
affect the crystal lattice.

Figure 4.7 (Color online) The XRD patterns of untreated and ammonium hydroxide
[designated by (N)] TiO2 nanotubes.
Figure 4.8 shows the Raman spectra of titania nanotubes with and without NH3
treatments after the annealing at 500 °C. The baseline with no peaks corresponds to the
TiO2 foil. In both nontreated and NH4OH-treated cases, the nanotubes show the typical
peaks at 400 cm−1, 515 cm−1, and 640 cm−1 were all identified as B1g(A), A1g/B1g(A), and
Eg(A) vibration modes of anatase phase,99, 100 respectively. From the spectra of NH3treated nanotubes, we hardly can find the vibromold of titanium nitride, maybe this is
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because the incorporation of nitrogen is very little and did not introduce obvious changes
in crystal lattice, in accordance with XRD analysis.

Figure 4.8 The Raman spectroscopy of the Ti foil, untreated and ammonium hydroxidetreated TiO2 nanotubes. The A in parenthesis stands for anatase.
The high resolution TEM and diffraction analysis of the NH4OH-treated and
annealed samples revealed a structural order similar to anatase phase. The bright field
image shown in Figure 4.9 indicates the presence of structural defects in the nanoparticles.
In addition, the diffraction analysis confirms that the dominant phase is anatase by the
presence of (101) and (103) planes in the diffraction pattern (inset in Figure 4.9). The
confirmation of anatase phase is quite interesting because the initial evidence based on
64

the particle morphology suggests that the particles could be rutile phase. Sreekantan et
al.101 reported the disintegration of the nanotube arrays into rutile particles after
calcinations above 600 °C. Li et al.102 also reported similar phenomenon in TiO2
nanotubes. Dong et al.97 concluded that nitrogen doping could facilitate the anatase-rutile
phase transition at the annealing temperature of 500 °C. In general, it is believed that
rutile phase cannot be stable in nanotubular morphology of TiO2 due to fact that the
minimum nuclei size of rutile is usually larger than the wall thickness of nanotubes.18
Therefore, overall conclusion was that the formation of rutile phase is associated with the
disintegration of nanotubes.

Figure 4.9 Bright field TEM images of nanoparticles after the collapse of TiO2 nanotubes
by NH3-treatment and annealing at 500 °C. The inset shows the diffraction pattern of
particles and indicates that the crystal structure is anatase.
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4.4.

Discussion
During the process of amorphous to anatase transformation in annealing the as-

anodized nanotubes, the length and average diameter of the nanotubes had no discernible
changes. It has been suggested that the initial crystallization of anatase took place both in
the nanotubes and in the nanotube–foil interface at almost the same temperature.103 In this
process, some of the closely spaced anatase crystallites coalesced to form larger
crystallites.

Figure 4.10 (Color online) (a) The as-synthesized TiO2 nanotubes show imperfections on
the surface (marked by the arrows). (b) The elastic modulus map of TiO2 nanotubes
before immersion in the ammonia hydroxyl media is shown. The dark brownish color
indicates areas of high stiffness and areas of bright yellowish correspond to low stiffness
values. The scanned area is 500 nm and the color key represents qualitative comparison
of the modulus.
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We found that it was difficult to incorporate nitrogen in the TiO2 lattice by a simple
NH4OH treatment of TiO2 nanotubes. From the XRD spectra we hardly could find the
vibromold of titanium nitride, and concluded that this was because the incorporation of
nitrogen was very little and did not introduce obvious changes in crystal lattice. In
addition, since the atomic radius of nitrogen is a little bigger than that of oxygen, the
nitrogen doping should have led to compressive stress and eventually the broadening of
vibrating modes. Such effect had been observed in phosphorus doped titania.104 A
possible effect of NH4OH treatment of TiO2 nanotubes is the incorporation of nitrogen in
surface roughnesses and weakening of the nanotubes.105-107 The nanotubes are in fact
“nanopits” that are formed on Ti foils and therefore should inherent the grain boundaries
and defects already exist in the foils. In addition, the nanotubes shown in Figure 4.1(a)
and 4.10(a) exhibit surface roughness, which can be potential areas of chemical etching.
The evidence of such weak boundaries is shown in Figure 4.10, which maps the stiffness
of nanotubes. The peak force tapping© (PFT) mode of an AFM system was used to
image the relative stiffness variation along the length of nanotubes. In PFT mode, the
cantilever tapes the surface and makes very small deformation indents (less than 2 nm).
The maximum force required to achieve this was recorded and used to calculate the
stiffness based on the unloading curves. The presence of high and low stiffness areas
along the length of nanotubes indicates that these areas could potentially be the sites of
misorientation regimes divided by grain boundaries.
Based on the above observations, we propose the following model (Figure 4.11) for
the structural instabilities in NH4OH-treated TiO2 nanotubes. The treatment of nanotube
67

in NH4OH solution and subsequent calcination at 500 °C results in structural
transformation to anatase nanoparticles and the associated volumetric change results in
high stress concentrations at the surface roughness areas. The nanotubes barely maintain
their tubular morphology after 30 min of calcination. After this, the nanotubes will be
collapsed into nanoparticles while the transformation to anatase happens simultaneously.

Figure 4.11 (Color online) A schematic of the observed structural instability in TiO2
nanotubes treated with NH4OH and calcinated at 500 °C. The surface roughness is shown
in the larger scale than the nanotube dimension. The nanotube disintegrated into anatase
particles after 10 and 30 min of calcination but maintained the overall configuration of
nanotube. After 2 h the nanotubes collapsed into nanoparticles.

4.5.

Conclusions
TiO2 nanotubes subjected to treatment with ammonium hydroxide (NH4OH)

solution followed by calcination at 500 °C exhibited an unexpected structural instability
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by collapsing into nanoparticles. High-resolution TEM, Raman spectroscopy, XRD, and
AFM were used to understand the nature of structural collapse in the NH4OH treated
TiO2 nanotubes. As opposed to the common belief that the transformation to rutile is the
major reason for the collapse of the anatase nanotubes, it was determined that volumetric
change due to phase transformation (amorphous→anatase) and surface roughness
weakening due to chemical etching had the key role during the collapse of NH4OHtreated TiO2 nanotubes.
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Chapter 5 A Real Time Observation of Phase Transition of
Anatase TiO2 Nanotubes into Rutile Nanoparticles by In-Situ
Joule Heating Inside Transmission Electron Microscope 3
5.1.

Introduction
Titania (TiO2) has been widely studied because of its many useful optical, electrical

and photocatalytic properties, which depend on the crystalline structure of TiO2.108-111
Technological applications have been proposed for TiO2 in bulk and thin film forms. The
TiO2 properties depend on phase composition, microstructure, crystallinity and chemical
composition, which can be modified by preparation techniques, thermal treatments and
metal ion doping.108-115 Titania crystallizes into three natural phases: brookite
(orthorhombic), anatase (tetragonal) and rutile (tetragonal).116,
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The brookite and

anatase crystalline phases, which are stable at low temperatures, transform into rutile
when the sample is calcined at high temperature.118 It has been demonstrated that some
properties of TiO2 are very sensitive to its structure. Since the anatase phase is chemically

3
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and optically active, it is suitable for catalysts and supports.119, 120 Usually, the anatase
phase can be transformed into rutile via post-annealing62,
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because anatase is

thermodynamically unstable. This anatase-to-rutile phase transition, which is dependent
upon annealing temperature, induces the variation of the optical properties in TiO2
films.122-124 Therefore the post-annealing should be a controlled process in order to make
desirable properties of a TiO2 film for various applications. We have taken a new
approach to synthesize rutile nanoparticles. Here, we report the phase transition of an
anatase TiO2 nanotube into nanometer size rutile particles via in situ Joule heating inside
a high resolution transmission electron microscope (HRTEM).

5.2.

Experimental Procedure
The in situ Joule heating experiment was conducted in a high resolution

transmission electron microscope (TEM, JEM 4000FX, operated at 200 kV) using a
special scanning tunneling microscopy (STM)–TEM holder system from “Nanofactory
Instruments.” The STM–TEM system provides a unique combination of transmission
electron microscopy and scanning tunneling microscopy techniques, which are used
simultaneously in one instrument for full sample characterization. It consists of a STM
equipped TEM sample holder, a controller and a PC with Nanofactory’s data acquisition
software. All the measurements were carried out on a single tilt STM–TEM holder in a
JEM 4000FX TEM, operated at 200 kV. The setup of the STM–TEM holder is shown in
Figure 5.1. The electrochemically etched gold wire with TiO2 nanotubes was attached to
the piezo-driven movable part of the holder facing the fixed and sharp tungsten STM tip
as its counter electrode, and oriented perpendicular to the electron beam in the TEM. In
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such an arrangement, atomic scale imaging and I–V measurements were carried out
concurrently. The contact was made between the STM tip and the TiO2 nanotube by the
precision movement of the gold wire (with the sample) attached to the piezo-driven
manipulator. Joule heating was conducted by applying different bias voltages to the gold
electrode with the nanotube sample at its tip, while the tungsten STM tip was grounded.
In the present investigations, TiO2 nanotube samples were synthesized by anodization of
TiO2 foils for 8 hours at 60 V. The synthesis process is almost similar to that of reported
by Schmuki et al. and Djenizian et al.125, 126 The anodization bath used is the solution of
NH4F (Ammonia Flouride) + Ethylene glycol + small amount of DI (deionized water).
The electrochemical set up consists of a DC supplier and two electrodes. The anodic
electrode is TiO2 nanotube and the cathodic electrode is Pt mesh.

Figure 5.1 The image showing the experimental setup for STM-TEM holder.

5.3.

Results Discussion
The structural investigations of TiO2 nanotube samples were carried out during the

in situ TEM experiment. Figure 5.2(a) is a low magnification bright field image of the assynthesized (by anodization) TiO2 nanotube. The general morphology shows that the assynthesized TiO2 nanotubes are hollow and closed ended. The nanotubes have average
outer and inner diameters of 100 nm and 50 nm, and the wall thickness of the tubes is not
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uniform. The corresponding diffraction pattern [inset in Figure 5.2(a)] and the high
resolution transmission electron microscopy (HRTEM) image [Figure 5.2(b)] clearly
show that the tubular structures are amorphous. The as-synthesized TiO2 nanotube is
transformed into the crystalline anatase phase via annealing it at 450 0C for 3 h. Figure
5.3(a) shows an overall view of the anatase titania nanotube, depicting a number of
tubular nanostructures with uniform size distribution. The tubes are hollow and open
ended with an average inner and outer diameter of approximately 25 nm and 70 nm,
respectively and the lengths range from several-tens to several-hundreds of nanometers.
The corresponding diffraction pattern is shown in the inset [Figure 5.3(a)], depicting the
anatase titania (a=0.378 nm, c =0.9513 nm, I41/amd). The HRTEM image [Figure 5.3(b)]
taken from a single nanotube [inset of Figure 5.3(b)] shows that the nanotubes are well
crystalline. The lattice fringe spacing of the walls of the nanotubes is estimated to be
∼0.353 nm, corresponding to the interplanar distance of the (101) plane in the anatase
phase.
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Figure 5.2 (a) TEM bright field (BF) image of the as-synthesized TiO2 nanotubes and its
corresponding electron diffraction pattern (inset) and (b) the high resolution image.

Figure 5.3 (a) An overall view of the anatase titania nanotube and the corresponding
diffraction pattern (inset) and (b) the high resolution lattice image from a single anatase
nanotube (inset).
To have good electrical contact between the sample and tungsten tip, for in situ
electrical

measurements,

an

individual

TiO2

nanotube

was

attached

to

an

electromechanically etched gold tip by tungsten deposition using the focused ion beam
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(FIB) technique. The different steps of the sample preparation are shown in Figures
5.4(a–c), in which a single nanotube is picked up by the FIB microprobe and attached to
the tip of the tungsten wire. The gold tip with the attached TiO2 nanotube was then
loaded into the specimen holder and moved to the opposite conducting STM tip by a
piezomanipulator. A schematic diagram of the experimental setup is shown in Figure
5.4(d). The Joule heating experiment was conducted by applying constant bias voltage,
when the TiO2 nanotube was in contact with the STM tip. Figure 5.5(a) shows a TiO2
nanotube contacted on both ends and free standing in high vacuum (10−6 Torr), inside
the TEM. Under 10 V bias, the current, I, starts to increase gradually with time, t, and
reaches a maximum value of 12 µA in a period of 180 sec, as shown by the I versus t plot
(Figure 5.6).
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Figure 5.4 Images from the FIB system showing (a) the as grown TiO2 nanotube sample;
(b) FIB probe attached with a single nanotube dispersed on the Cu mesh (c) the FIB
probe with a nanotube approaching the tip of the tungsten wire and (d) Schematic of the
experimental setup for current–voltage measurement.
Figures 5.5(b) shows the image of the TiO2 nanotube undergoingthe heating at
constant bias voltage of 10 V for 180 sec. The analysis of the image [Figure 5.5(b)]
shows that the TiO2 nanotube still maintains its morphological shape, but is broken into
ultrafine particles. From previous reports,122,

127

it is known that the thermodynamic

stability of TiO2 particle is size dependent. Each phase has a particle size distribution and,
at particle diameters less than 11 nm, the anatase is the most stable phase. The particle
size in the anatase phase can range from 0.1 nm to 11 nm.128 Therefore, from the
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morphology of the particle size, it can be said that at this stage the nanotube is mainly
comprised of ultrafine anatase particles. The diffraction pattern [inset, Figure 5.7(a)] and
the lattice image taken from this stage of the heating also confirmed the presence of the
anatase phase [Figure 5.7(a)]. The lattice fringe spacing is estimated to be ∼0.357 nm,
corresponding to the (101) plane of the anatase phase.

Figure 5.5 The BF image of the TiO2 nanotube (a) in contact with the STM tip (b)
undergone the heat treatment at constant bias voltage of 10 V for 180 seconds (c) the bias
heated at 20 V for 130 seconds (d) undergone the bias heating at 30 V.
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Figure 5.6 The current (I) versus time (t) plot for the TiO2 nanotube under the different
bias heating voltages, as marked in the plot.
On increasing the bias voltage to 20 V, it was observed that the current increased
drastically to a maximum value of 20 µA in a time period of 130 sec and then started to
decrease gradually with the further breaking of the nanotube, while at the same time the
nanometer diameter titania underwent a solid state reaction and grew into a bigger crystal
of 20–25 nm [as shown in the image of Figure 5.5(c)], which is comparable to the particle
size of around 30–35 nm for the rutile phase to become stable.128 This leads to the
alteration of phase stabilities and ultimately the anatase phase is converted into stable
rutile phase. Furthermore, the presence of the rutile phase is also confirmed by the
diffraction pattern and high resolution image taken from these particles, as shown in
Figure 5.7(b), which corresponds to the tetragonal TiO2 rutile phase (a=4.59 Å, c =2.95 Å,
P42/mnm). The lattice fringe spacing is estimated to be ∼0.321 nm, corresponding to the
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interplanar distance of the (110) plane in the rutile phase. On increasing the bias heating
voltage to 30 V, the current increased slightly from 13.75 µA to 15 µA in a time period of
30 seconds. Due to this increase in current at this stage, some of the rutile particles
formed agglomerates of around 100–200 nm and finally the nanotube structure collapsed.
The diffraction patterns of these agglomerations show that they are crystalline [Figure
5.7(c)].

Figure 5.7 (a) The high resolution lattice image and the corresponding diffraction pattern
(inset) taken from TiO2 nanotube undergone a bias heating at 10 V (b) the high resolution
lattice image of the nanotube bias heated at 20 V and the corresponding diffraction
pattern (inset) (c) The diffraction pattern from the agglomeration formed at the bias
heating of 30 V.
During the present investigations, it was observed that with bias heating in the
STM–TEM system, the anatase TiO2 nanotube was transformed into stable rutile particles.
It can be concluded that when the TiO2 nanotube was subjected to a bias voltage of 10 V
for about 180 seconds, the nanotube resistively heated to elevated temperatures, which
reduced the total resistance and a current of 12 µA could be detected. On further
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increasing the bias voltage to 20 V, a high current of 20 µA flowed through the nanotube
and the temperature was further increased. The nanometer sized anatase particles, having
high surface area, became prone to solid state sintering, which led to grain growth and
transformation to stable rutile particles with an average size between 20–25 nm.
Eventually there is complete collapse of the structure, when the bias heating voltage is
further increased to 30 V. At this stage, the rutile particles which are already under a
heated condition form agglomerates of 100–200 nm with a slight increase of current of
∼2 µA. Such processes are more pronounced during phase transformations, where bond

breaking and enhanced mass transport take place, and this can lead to grain growth and
densification.129-132 Also in the case of anatase to rutile transformation, the mechanism

responsible for the transformation are most likely a spatial disturbance of the oxygen ion
framework and the shifting of the majority of Ti4+ ions by breaking two of the six Ti–O
bonds to form new bonds.133-135 In the present case, a TiO2 nanotube heated at a high bias
voltage of 20 V, obtained sufficient energy to disturb the oxygen ion framework and form
new bonds to form the rutile phase.
In the present investigations, the nanotube is resistively heated up and the
temperature of the system is increased with the increase of current and the applied bias. It
is difficult to estimate the temperature of the TiO2 nanotubes undergoing the in situ Joule
heating by any direct method. There are few reports on the Joule heating of multiwalled
carbon nanotube, (MWCNT) and carbon onions by Huang et al..136-138 In these studies,
the temperature of the different stages of heating of the carbon nanotube was estimated
by matching the lattice images of graphite and diamond formed during the bias heating
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and the known temperature at which these structures are generally formed. From the
review report62 on the transformation of anatase nanotube to rutile particles, it was
observed that when the anatase nanotube was annealed in the temperature range 500–600
0

C (depending on the stability of the nanotube, hence the anodization condition), small

protrusions come out through the porous structure. Above this temperature the tubule
structure is completely collapsed, leaving dense rutile particles. The complete
transformation to rutile occurs in the temperature range 620–680 0C. From the above
observation, we can speculate that the temperature range for the transformation of anatase
nanotube to rutile particles and then complete collapse of structure in the present study is
between 600–800 0C.

5.4.

Conclusion
In conclusion, we have shown that the anatase nanotube dissociation and their phase

transformation to rutile in real time. The anatase nanotubes under Joule heating dissociate
to small particles (∼10–20 nm) of anatase at low bias voltage (≤10 V). At an intermediate
bias range, between 10 V and 20 V, the anatase nanoparticles transformed to rutile phase.
The size of the rutile nanoparticles can be controlled by the applied bias voltage. Under
the bias heating condition with 30 V, the rutile particles agglomerate into large particles
with sizes range up to 200 nm. It is known that thermodynamic stability of different
phases of TiO2 is size dependent and thus by controlling the size of the particles, we can
control the properties of the TiO2 used for various applications. By this synthesis method,
we can easily have a rough estimation of the temperature at which the rutile particles can
be formed by simply increasing or decreasing the bias voltage to heat the anatase
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nanotube. Thus the present synthesis method of rutile particles by bias heating the anatase
nanotube via STM–TEM system is a new, novel and fast method to get a clean
(contamination free) and high quality rutile particles used for various photocatalytic
applications.
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Chapter 6 A Study on the Modulation of the Electrical
Transport by Mechanical Straining of Individual Titanium
Dioxide Nanotube 4
6.1.

Introduction
The semiconducting behavior of 1D titania (TiO2) in various morphologies (tubes,

wires, fibers, and rods) and large surface area have drawn considerable attention for
potential applications in solar cells,139 gas sensors, lithium ion batteries and biomedical
systems.140, 141 However, the widespread technological use of titania is impaired by its
wide band gap (3.2 eV), which requires ultraviolet (UV) irradiation for photocatalytic
activation.140, 141 Traditionally, doping of the titania has been the approach taken for its
band gap engineering.142
Here, we propose an alternate way to enhance the electrical conductivity of TiO2
nanotube using mechanical straining. A recent theoretical work on boron nitride

4

The material contained in this chapter was previously published in the Applied Physics

Letters. (Reprinted with permission from A. Ashtana, T. Shokuhfar, Q. Gao, P. Heiden, C.
Friedrich, R. S. Yassar. Applied Physics Letters, 97, 072107 (2010). Copyright 2010,
American Institute of Physics.)
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nanotubes (BNNTs) under flattening deformation143 has predicted the unique possibility
of band gap tuning in a 2–5 eV range. This theoretical prediction on BNNTs has been
experimentally verified by Bai et al.144 by a series of in situ scanning tunneling
microscopy (STM) experiments in a transmission electron microscop (TEM).
The crystal structure of the TiO2 phase affects the photoelectrical current in solar
cells and anatase based solar cells are expected to have the highest conversion efficiency.
This effect has been attributed to the higher Fermi level in anatase in comparison to that
of rutile by about 0.1 eV.145 In view of this, we report here, the effect of mechanical
deformation on an electrical response of an individual anatase TiO2 nanotube. There are
few reports on the electrical transport properties of an array of TiO2 nanotubes and thin
films.48, 146

6.2.

Experimental Procedure
All the electrical measurements were carried out on a single tilt STM-TEM holder in

a JEM 4000FX TEM system that operated at 200 keV. In the present investigations, TiO2
nanotube samples were synthesized by anodization of TiO2 foils for 8 h at 60 V. The
synthesis process is almost similar to that of reported by Schmuki and co-workers125 and
Djenizian and co-workers.126

6.3.

Results Discussion
The structural investigations of TiO2 nanotube samples were carried out during the

in situ TEM experiment. Figure 6.1(a) shows an overall view of the anatase titania
nanotube, depicting a number of tubular nanostructures with uniform size distribution.
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The tubes are hollow and open ended with an average inner and outer diameter of
approximately 25 and 70 nm and the lengths range to several hundreds of nanometers.
The corresponding diffraction pattern is shown in the inset [Figure 6.1(a)], depicting the
anatase titania (a=0.378 nm, c=0.9513 nm, I41/amd). The HRTEM image [Figure 6.1(b)]
taken from a single nanotube [inset of Figure 6.1(b)] shows that the nanotubes are well
crystalline. The lattice fringe spacing of the walls of the nanotubes is estimated to be
~0.353 nm, corresponding to the interplanar distance of the (101) plane in the anatase
phase.

Figure 6.1 (Color online) (a) An overall view of the anatase titania nanotube and the
corresponding diffraction pattern (inset) and (b) the high resolution lattice image from a
single anatase nanotube (inset).
To ensure good electrical contact between the tip and the nanotube for in situ
electrical

measurement,

an

individual

TiO2

nanotube

was

attached

to

the

electromechanically etched gold tip by tungsten deposition using the focused ion beam
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(FIB) technique. The different steps of the sample preparation are shown in Figures
6.2(a)-6.2(c). In short, a nanotube was picked up using the FIB probe [Figures 6.2(a) and
6.2(b)] and attached on the gold tip [Figure 6.2(c)] by the tungsten deposition. The gold
tip with TiO2 nanotube was then transferred to the STM-TEM specimen holder and
approached to its opposite conducting STM tip by the piezomanipulator. A schematic
diagram of the experimental setup is shown in Figure 6.2(d).

Figure 6.2 Images from the FIB system show (a) the as grown TiO2 nanotube sample; (b)
FIB probe attached with a single nanotube, dispersed on the Cu mesh; (c) the FIB probe
with a nanotube approaching the tip of the tungsten wire and; (d) schematic of the
experimental setup for current–voltage measurement.
Figures 6.3(a)-6.3(e) display the sequential images of a typical TiO2 nanotube
approaching the STM tip and undergoing a gradual increase in its bending curvature by
incremental movement of the piezodriven gold tip toward the STM tip. A series of
measured I-V curves at various stages of bending deformation are, respectively, shown in
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Figure 6.3(f). The TiO2 nanotube in contact with the STM tip [Figure 6.3(c)] shows a
semiconducting behavior where electrical currents up to 10 nA can be detected under bias
voltages up to 25 V [curve “c” in Figure 6.3(f) corresponding to Figure 6.3(c)]. The
similar semiconducting electrical transport behavior was also observed for an array of
anatase TiO2 nanotube and thin films.48, 146 This is due to the intrinsic semiconducting
behavior of the TiO2 nanotube under the applied voltage. As we deform the nanotube,
attached with the tungsten wire against the STM tip, current up to 18 nA can be observed
(curve “d”) for the deformed state corresponding to Figure 6.3(d). With the increase in
deformation [Figure 6.3(e)], the current is dramatically increased to 25 nA with start off
voltage of 7.5 V bias as is evident from curve “e” [Figure 6.3(f)]. Figure 6.3(e) displays
the TiO2 nanotube in the highest deformed state under the present study, making a large
bending curvature and corresponds to the state of the I-V curve “e.” In a large bias regime,
the I-V curve can be differentiated to obtain a resistance R of the nanowire (R ~dV/ dI,).
We found that for this deformed state, the resistance of the nanotube was decreased to
0.34 GΩ from ~0.86 GΩ in the state corresponding to Figure 6.3(c).
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Figure 6.3 (Color online) The bight field image of the TiO2 nanotube (a) approaching the
STM tip; (b) in contact with the STM tip; [(c)–(e)] undergoing a gradual increase in its
bending curvature; (f) a series of the representable I-V curves measured during the
deformation of the TiO2 nanotubes
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The nonlinear and symmetrical I-V characteristics of these deformed states suggest a
semiconducting behavior. Thus our measurement system can be regarded as a metalsemiconductor-metal (M-S-M) circuit.147 The related semiconducting parameters can be
retrieved from the experimental I-V data in the bias regime >5 V, by the following
relation.144, 148
ln 𝐼 = ln 𝑆 + 𝑉(

𝑞

𝑘𝐵 𝑇

−

1

𝐸0

) + ln 𝐽𝑠 .

(6.1)

Figure 6.4 (Color online) The ln I-V curves corresponding to (a) curve d and (b) curve e
in Figure 6.3(f), respectively. (c) The linear fits of the curves in [(a) and (b)].
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Here S is the contact area associated with a bias, Js is the saturation current density,
and V is the slowly varying function of the applied bias. The ln I versus V plot gives an
approximately straight line with a slope of (q/kBT) − 1/E0, and an intercept of ln S. The
representative (ln I)-V curves are depicted in Figures 6.4(a) and 6.4(b) corresponding to
curve d and curve e in Figure 6.3(f), respectively. Figure 6.4(c) shows the linear fits of
curve d and e extrapolated to the ln I axis, showing nearly identical values of intercept.
This means, ln S and the contact area (S) is nearly identical for both of these stressed
states. In the expression of ln I, E0 =E00 coth(E00 /kBT), where E00=(hq/2)[n/(m*ε)]1/2.
Here, q is the elemental charge, kB is the Boltzmann constant, m* is an effective electron
mass of TiO2 nanotube, and ε is the permittivity. We have estimated the specific sizes of
the nanotube from the bright field TEM image and thus the resistivity ρ is obtained. The
electron mobility, µ is then calculated by using the relationship µ=1/ (nqρ). For anatase
TiO2 thin films, the dielectric constant, k is close to the value between 25–30, therefore,
the value of permittivity, ε is taken as ε=26ε0,149 ε0 is the dielectric constant of a vacuum
and m*=1.26m0.21 Based on this procedure, the resistance, resistivity, carrier
concentration and carrier mobility were extracted as summarized in Table 6.1. These
values are in conformity with those obtained for the anatase TiO2 thin films and single
crystal of TiO2.150-153 The I-V measurements with bending deformation were repeated for
several times to ensure the reproducibility of the data.
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Table 6.1 Electrical Parameters of TiO2 nanotube
Parameters

Curve c

Curve d

Curve e

Resistance (GΩ)

0.86

0.66

0.34

Resistivity (Ωcm)

43.5

36.4

13.36

E0 (meV)

23.98

24.9

27.0

Carrier concentration (cm-3)

0.78X1017

1.58X1017

3.5X1017

Mobility (cm2/Vs)

2.05

1.08

1.05

Under the present study, it was interesting to note that the electrical conductivity of
TiO2 nanotubes can be modulated by the mechanical deformation. Such phenomena can
be related to the strain engineering of the electronic band gap structure in nanotubes.154,
155

It can be said that in the present study, when the anatase TiO2 nanotubes are brought

into deformed state, in-shell defects are produced at the walls of the nanotube. The
possible defects can be voids, vacancies, and antisite atoms, which modify the band
structure.156 The carriers of current, i.e., electrons in this case (as TiO2 is considered as n
type semiconductor) are scattered strongly by the disordered structure, so that the mean
free path of electrons may sometime be the order of the scale of the disorder. The pinning
of the Fermi level is known to arise from the presence of defects,157 such as dangling
bonds and other misfits in the structure, which produce localized state in the gap. Hence,
the TiO2 nanotube in a higher deformed state will produce more defects, so a large
number of electrons are scattered by the formation of a large number of defects. The
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production of defects will also help in the pinning of the Fermi level, which will produce
a localized state in the gap and hence help in the transport of the electrical current
through the TiO2 nanotube.
Another possibility for the increase in current by deformation can be due to the
presence of dangling bonds at the surface of the TiO2 nanotube. These defects can have a
dominant role in modulating its electrical conductivity.158, 159 Surface defects can produce
surface states within the band gap making the TiO2 nanotube behaves like a weakly
conductive metal. This allows the flow of conduction electrons near the surface region of
the TiO2 nanotube as also reported by Lin et al..160

6.4.

Conclusion
In conclusion, it was shown that the electrical transport properties of the TiO2

nanotube could be enhanced by inducing deformation into the nanotube using an in situ
STM-TEM stage. The semiconducting parameters were retrieved from the experimental
I-V curves using the M-S-M model. Here, it can be emphasized that, considering the
deformation driven electrical property modulation of the TiO2 nanotube as observed in
the present investigations, the TiO2 nanotube holds a promising future and perspective
candidate for constructing nanoscale electronic and optoelectronic devices and more
importantly for its usage in solar cell applications.
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Chapter 7 Deformation-Driven Electrical Transport in
Amorphous TiO2 Nanotubes5
7.1.

Introduction
The fabrication of titanium dioxide (TiO2) nanotubes has opened up new

perspectives for applications in environmental purification,140, 161, 162 solar cells,90, 163 gas
sensors,140 lithium ion batteries,139 and biomedical systems.141 In solar applications, one
disadvantage is the high band-gap energy (∼3.2 eV) of TiO2, which means that the
nanotube can be excited only by UV light (λ < 380 nm). In the last few decades,
essentially two approaches were intensively investigated in order to make the material
more responsive to the natural solar spectrum. One approach is to sensitize TiO2 with a
suitable dye to construct an efficient solar cell.164, 165 The other approach is by doping
TiO2 with impurities, e.g. transition metals or other elements,92, 142, 166-170 to obtain a good
photocatalytic performance. When employing dopants to change the electrical response

5
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of a material, the concern is to maintain the integrity of the host material crystal structure
while changing its band-gap structure.
Here, we investigate the role of mechanical straining in tuning the electrical
transport of TiO2 nanotubes. A recent theoretical work on boron nitride nanotubes
(BNNTs) under flattening deformation171 has predicted the unique possibility of band-gap
modification in the 2–5 eV range. The density function calculations show that mechanical
deformation affects the conduction energy bands more effectively than energy levels in
valence bands. The overall outcome was the reduction of the gap between valence and
conduction bands. This theoretical prediction has been experimentally verified by a series
of in situ transmission electron microscopy (TEM) experiments.144
The crystalline, or amorphous, nature of the titania nanotubes varies with processing
techniques and parameters.90 The anatase-based solar cells have shown the highest
conversion efficiency,62 and therefore their electrical properties have been investigated in
more detail.48,

172, 173

Our study of the deformation-driven electrical transport

measurement of anatase nanotubes has also shown a higher value of electrical current
compared with that of amorphous nanotubes.174
The as-synthesized TiO2 nanotubes are an amorphous material and hence electrically
not very conductive. In the present study, we are trying to investigate the electrical
property of an amorphous TiO2 nanotube by mechanically deforming it and expect to
change its band structure by mechanical straining. Interestingly, there are no studies of
the electrical transport phenomenon aspect of individual amorphous TiO2 nanotubes. This
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research aims to fulfill this gap and to determine the role of mechanical deformation on
electrical transport of amorphous titania nanotubes.

7.2.

Experimental section
The in situ electrical transport measurement was conducted in a high-resolution

transmission electron microscope (TEM) using a STM–TEM system from Nanofactory
Instruments. The STM–TEM system provides a unique combination of transmission
electron microscopy and scanning tunneling microscopy techniques, which are used
simultaneously in one instrument for full sample characterization. It consists of a STMequipped TEM sample holder, a controller, and a PC with Nanofactory’s data acquisition
software. All the measurements were carried out on a single tilt STM–TEM holder in a
JEM 4000FX TEM, operated at 200 kV. The setup of the STM–TEM holder is shown in
Figure 7.1. The electrochemically etched gold wire with TiO2 nanotubes was attached to
the piezo-driven movable part of the holder facing the fixed and sharp tungsten STM tip
as its counter electrode, and oriented perpendicular to the electron beam in the TEM. In
such an arrangement, atomic scale imaging and I –V measurements were carried out
concurrently. The contact was made between the STM tip and the TiO2 nanotube by the
precision movement of the gold wire (with the sample) attached to the piezo-driven
manipulator. Joule heating was conducted by applying different bias voltages to the gold
electrode with the nanotube sample at its tip, while the tungsten STM tip was grounded.
In the present investigation, TiO2 nanotube samples were synthesized by anodization
treatment in a two-electrode electrochemical cell in an electrolyte containing dimethyl
sulfoxide (DMSO) and hydrofluoric acid. The anodization voltage, HF concentration in
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DMSO, and duration of anodization were 60 V, 2 wt%, and 40 h, respectively. Details of
the synthesis process are published elsewhere.175 There are several reports on the
synthesis of TiO2 nanotubes by the anodization method.81,
methods of producing the TiO2 nanotubes,46,

182-185

176-181

In contrast to other

the electrochemical anodization

approach is self-organizing and it leads to an array of oxide nanotubes aligned
perpendicular to the substrate surface and to a well-defined and controllable tube length.
The tubes remain attached to the metal surface and are electrically connected and easy to
handle.

Figure 7.1 The image shows the experimental configuration for the STM–TEM holder

7.3.

Results and discussion
The structural investigations of TiO2 nanotube samples were carried out during the

in situ TEM experiment. Figure 7.2 is a low-magnification bright field image of the assynthesized amorphous TiO2 nanotubes. The general morphology shows that the
amorphous TiO2 nanotubes are hollow and closed ended. The nanotubes have average
outer and inner diameters of 100 nm and 50 nm, and the wall thickness of the tubes is not
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uniform. The corresponding diffraction pattern (inset in Figure 7.2) clearly shows that the
tubular structures are amorphous.

Figure 7.2 TEM bright field (BF) image of the amorphous TiO2 nanotubes and its
corresponding electron diffraction pattern (inset).
For in situ electrical measurement, individual TiO2 nanotubes were attached to the
electromechanically etched tungsten tip by tungsten deposition using the focused ion
beam (FIB) technique to ensure good electrical contact between the tip and the nanotubes.
The different steps of the sample preparation are shown in Figures 7.3(a)–7.3(c). In short,
a nanotube was picked up using the FIB probe (Figures 7.3(a) and 7.3(b)) and attached on
the tungsten tip (Figure 7.3(c)) by the tungsten deposition. The tungsten tip with the TiO2
nanotube was then transferred to the STM–TEM specimen holder and directed to its
opposite conducting STM tip by the piezo manipulator. A schematic diagram of the
experimental setup is shown in Figure 7.3(d).
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Figure 7.3 Images from the FIB system showing (a) the as-grown TiO2 nanotube sample,
(b) the FIB probe attached with a single nanotube, dispersed on the Cu mesh, (c) the FIB
probe with a nanotube approaching the tip of the tungsten wire, (d) schematic of the
experimental setup for current–voltage measurement.
For electrical measurement, it is important to have good physical contact between
the nanotube and the two opposite electrodes. In this investigation, when the nanotube
was brought in contact with the STM tip by the nanomanipulator, a current of several nA
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was allowed to pass through the electrode–nanotube circuit. Due to the passage of this
current for a very short time (less than 2 s), the temperature of the contact point between
the nanotube and the STM tip will increase and the nanotube is welded to the STM tip.
This will help in making a good physical contact between the nanotube and the STM tip.
Figure 7.4(a) shows a TiO2 nanotube attached on the gold electrode as it approaches the
opposite electrode, i.e. the STM tip, by the nanomanipulator. In Figure 7.4(b), the TiO2
nanotube is shown in contact with the STM tip and gold electrode. Figures 7.4(c)–7.4(e)
display the sequential images of a typical TiO2 nanotube undergoing a gradual increase in
its bending curvature by incremental movement of the piezo-driven gold tip toward the
STM tip.
A series of measured I – V curves at various stages of bending deformation are
respectively shown in Figure 7.4(f). For the TiO2 nanotube that is just in contact with the
STM tip and the nanotube that is in a slightly deformed state (curves ‘a’ and ‘b’
respectively in Figure 7.4(f)), the current is practically negligible, only a few nA is able
to be detected. This result confirms the insulating behavior of undeformed or just slightly
deformed nanotubes, and can be attributed to less contact area, high contact resistance,
and the intrinsic amorphous nature of the material.
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Figure 7.4 The bright field image of a TiO2 nanotube (a) approaching the STM tip, (b) in
contact with the STM tip, (c), (d), and (e) undergoing a gradual increase in the bending
curvature, (f) a series of the representative I –V curves measured during the deformation
of the TiO2 nanotubes.
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Amorphous materials possess high resistance due to their internal structural disorder,
as compared to the more orderly crystal structure of crystalline materials.186, 187 Figure
7.4(c) shows the TiO2 nanotube in a slightly deformed state during the compression
process. As we deform the nanotube by delicate driving of the tungsten tip with the
nanotube against the STM tip, currents up to 8.23 and 14.58 nA can be observed at the
same bias voltage range (curves ‘c’ and ‘e’). The I–V curve of the TiO2 nanotube in the
highly bent state was also examined during the unloading and an almost similar trend in
the I–V curve was obtained with maximum value of the current (∼11.37 nA, curve ‘d’),
which is smaller compared to ∼14.58 nA obtained for the highly bent state as shown

(curve ‘e’). However, the value of the current is much higher than that obtained in the
state of the nanotube (Figure 7.4(b)) before any deformation, which indicates that defects
introduced during bending of the nanotube remain in the nanotube in the relaxed state. In
a large-bias regime, the I–V curve can be differentiated to obtain a resistance R of the
nanotube (R ∼ dV/dI). The nanotube’s resistance, R, for this state (Figure 7.4(d)) was

calculated to be ∼2.0 GΩ (curve ‘c’). With the increase in deformation, the current is

dramatically increased at the starting bias voltage of 7.5 V as is evident from curve ‘e’
(Figure 7.4(f)). Figure 7.4(e) displays the TiO2 nanotube in the highest deformed state
under the present study, and the corresponding I–V curve is marked as ‘e’. We found that
for this highly deformed state, the resistance of the nanotube was decreased to 0.98 GΩ.
The comparison of these values indicates that the resistance of TiO2 nanotubes decreases
as mechanical straining increases.
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The nonlinear and symmetrical I–V characteristics of these deformed states suggest
a semiconducting behavior. Thus, our measurement system can be regarded as a metal–
semiconductor–metal (M–S–M) circuit.147 The related semiconducting parameters can be
retrieved from the experimental I–V data in the bias regime >5 V, by the following
relation:144, 188 ln 𝐼 = ln 𝑆 + 𝑉 �

𝑞

𝑘𝐵 𝑇

−

1

𝐸0

� + ln 𝐽𝑠 . Here S is the contact area associated

with a bias and Js is a slowly varying function of the applied bias. The ln I versus V plot

gives an approximately straight line with a slope of (

𝑞

𝑘𝐵 𝑇

)−

1

𝐸0

and an intercept of ln S.

The representative ln I–V curves are depicted in Figures 7.5(a) and 7.5(b), corresponding
to curves c and e in Figure 7.3(f), respectively. Figure 7.5(c) shows the linear fits of
curves c and e extrapolated to the ln I axis, and shows that they have nearly identical
intercept values. This means that ln S and the contact area (S) are nearly identical for both
of these stressed states. In the expression of ln I, 𝐸0 = 𝐸00 coth(
ℎ𝑞

( )(
2

𝑛

𝑚∗ 𝜀

)

1�
2.

𝐸00

𝑘𝐵 𝑇

), where 𝐸00 =

Here, q is the elemental charge, kB is the Boltzmann constant, m∗ is an

effective electron mass of the TiO2 nanotube, and ε is the permittivity of the material. We

estimated the specific sizes of the nanotubes from the bright field TEM images and thus
the resistivity, ρ, was obtained. The electron mobility, µ, was then calculated by using the
relationship µ =

1

𝑛𝑞𝜌

. For TiO2 thin films, ε∗ = 7ε0,189, 190 ε0 is the permittivity of the

vacuum and m∗ = 0.71m0.191, 192 Using this procedure, the resistance, resistivity, carrier
concentration, and carrier mobility were extracted, and are summarized in Table 7.1.We

did not estimate the carrier density of the nanotube from the I–V curve corresponding to
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curve c (Figure 7.4(f)) as the resistance is very high (∼2 GΩ). An amorphous material
has high resistance due to the disordered atomic-scale structure.186, 187

Figure 7.5 The ln I–V curves corresponding to (a) curve c and (b) curve e in Figure
7.4(f), respectively. (c) The linear fits of the curves in (a) and (b).
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In the present study, the electrical conductivity of the amorphous TiO2 nanotube is
tuned from that of an insulator to a semiconductor under the deformed state. This effect
can be related to the modification of the band structure of the nanotube under strain.193-196
An amorphous TiO2 nanotube can be considered as an amorphous semiconductor. One
possibility is that when the amorphous TiO2 nanotubes are subjected to mechanical
straining, structural defects like voids, vacancies, and antisite atoms are produced inside
the nanotubes, which can alter the band-gap properties.197 It is changes in the short-range
order (on the scale of a localized electron) that have a profound effect on the properties of
amorphous semiconductors. The carriers of current, i.e. electrons in this case (as TiO2 is
considered as an n-type semiconductor), are scattered strongly by the disordered structure,
so that the mean free path of electrons may sometimes be on the order of the scale of the
disorder and the current flows through the amorphous TiO2 nanotube. Also, amorphous
materials appear to behave almost like intrinsic semiconductors with the Fermi level
lying near the center of the gap. However the pinning of the Fermi level is known to arise
from the presence of defects,157 such as dangling bonds and other flaws in the structure,
which produce localized states in the gap. Hence, the amorphous TiO2 nanotube in a
higher deformed state will produce more defects, so a large number of electrons are
scattered by the formation of a large number of defects. The production of defects will
also help in the pinning of the Fermi level and produce a localized state in the gap.
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Table 7.1 Electrical parameters of TiO2 nanotube
Parameter

Curve c

Curve d

Resistance (GΩ)

2.0

0.98

Resistivity (Ωcm)

50.28

19.23

Carrier concentration (cm3)

−

1.15 x 1017

Mobility (cm2/V s)

−

2.59

TiO2, being an ionic transition-metal oxide, exhibits strong electron–phonon
coupling, resulting in low room temperature electron mobilities in the material.198-200 We,
therefore, believe that an alternative possibility to increase electrical conductivity is the
electron–phonon coupling effect. This electron–phonon coupling effect causes the
formation of a polaron,201 a quasi-particle consisting of an electron and the accompanying
lattice deformation. These polarons display self-trapping of the electron and localized
wave functions, with charge transport typically occurring through tunneling or thermally
activated hopping. During the whole process of I–V measurement, i.e. bringing the
nanotube towards the STM tip and carrying out I–V measurement, we tried to minimize
the electron beam effects by decreasing the beam current density as low as possible, just
required for the imaging. Finally, during the sweeping of the bias voltage for the I–V
curve, we shut off the electron beam. So, there are fewer chances that interaction of highenergy electrons with a semiconductor material will induce the formation of electron–
hole pairs (e−/h+) in the TiO2 nanotube. It is speculated that in the present case, the
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deformation-driven electrical conduction is dominating over the electron–phonon
coupling effect induced conduction.
From the bright field image (Figure 7.(4)), it is apparent that the nanotube was
slightly ruptured from the upper part; however, it should be mentioned that the TiO2
nanotube shown in Figure 7.4 is not broken, otherwise it would not be possible to
measure the electrical conductivity. It was difficult to get a clean nanotube for this
experiment. Since for measuring the electrical conductivity, the nanotubes have to be
glued at the tip of the gold wire, and the nanotube samples are scratched from the
substrate (on which they are grown) by the gold wire, and some time during the
scratching, a part of the nanotube is ruptured, probably due to the amorphous nature of
the sample.

7.4.

Conclusion
In conclusion, we have successfully carried out in situ electrical transport

measurements on an individual amorphous TiO2 nanotube inside a high-resolution
transmission electron microscope equipped with a STM probe. It was shown for the first
time that the electrical transport properties of the amorphous TiO2 nanotube could be
tuned from insulating to semiconducting by inducing deformation. The semiconducting
parameters were retrieved from the experimental I–V curves using the M–S–M model.
The considerable enhancement in electrical transport of amorphous TiO2 nanotubes offers
new opportunities to build flexible or stretchable solar cells based on amorphous titania,
where the conversion efficiency is comparable to anatase-based solar cells. If this can be
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integrated successfully, the annealing process of amorphous nanotubes can be eliminated
from the solar cell manufacturing process, which can result in lower consumption of
energy resources and saving costs.
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Chapter 8 Evidence of Lithium-induced Atomic Ordering in
Amorphous TiO2 Nanotubes6
8.1.

Introduction
The next generation of Li ion batteries (LIB) has drawn much interest because of

their applications in hybrid electric vehicles (HEVs),202 plug-in hybrid electric vehicles
(PHEVs),203 and other electric utilities. Graphite is a widely used anode material in
commercial LIB. However, graphite has several drawbacks such as low theoretical
capacity and capacity fading.204 To circumvent these problems, several new materials
have been developed to replace the graphite, including Si,205 Sn,206 Co3O4,207 and Ge.208
However, a major limitation of these alternatives is that they experience large volume
changes in the first cycle, leading to cracking, fracture, and in turn, capacity fading and
failure of batteries.
In recent years, TiO2-based materials have been considered to be a viable alternative
to graphite electrodes due to the stable capacity retention and safe operation in
intercalation.204, 209, 210 TiO2 has almost the same theoretical capacity (∼336 mAh/g) as

6
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that of commercial-grade graphite (∼372 mAh/g), but the volume expansion is less than
3%.12 In addition, the operation voltage of graphite is 0.1 V (Li+/Li redox couple), which
may cause an explosion during charging. But for TiO2, it is as high as 1.7 V (Li/Li+ redox
couple). The higher operation voltage results in safer battery operation with lower selfdischarge and good capacity retention during cycling.4 In addition, this property will
make TiO2 to be compatible with several novel cathode materials (LiCoPO414 and
LiCo0.5Mn1.5O415) to achieve Li-ion batteries with high voltage (~5 V).
Nanotubular structures of TiO2 can be a better choice for TiO2-based anodes due to
their larger specific surface area, shorter diffusion length, and faster kinetics of
electrochemical reactions. TiO2 nanotubes can be produced by a simple anodization
method, eliminating the need for costly or sophisticated fabrication processes.176
Additionally, the Pt counter electrode can be replaced by copper, which makes it more
economically feasible for mass production.211
The in situ electrochemical lithiation study in TEM allows direct observation of
morphological and chemical evolution in real time. The authors212 and Huang et al.213
pioneered the concept of an “open-cell” design to study the electrochemical behavior of
battery electrode materials. This cell is made of a single nanowire as anode, ionic liquid
or solid Li2O as electrolyte, and LiCoO2 or lithium metal as cathode. This method of
observation can provide atomic-level spatial resolution and analytical capability to study
Li ions insertion mechanisms into electrode materials during the charge/discharge
cycle.212, 214-217 Since its invention, this technique has revealed many details about the
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lithiation mechanisms in Si,214,

215, 218-223

Ge,224 Al2O3,225 SnO2,213,

217, 226-228

ZnO,229

graphene,230 and carbon nanotubes231 that were unknown to the Li-ion battery community.
Interestingly, in spite of extensive ex-situ electrochemical testing on TiO2 nanotubes,
no direct TEM evidence on their lithiation behavior has been reported. In the present
work, for the first time, in situ studies of electrochemical lithiation of amorphous TiO2
nanotubes (a-TNTs) inside high-resolution TEM will be reported. Electron energy loss
spectroscopy (EELS) was also conducted to better understand the changes in chemical
and electronic properties. The finding of this study provides the first direct insight into
the details of lithiation mechanism, chemical, structural, and electronic evolution for aTNTs as anode materials. High resolution TEM (HRTEM) analysis revealed the
formation of crystalline islands of Li2Ti2O4 in the lithiated amorphous matrix.

8.2.

EXPERIMENTAL METHODS

8.2.1.

TiO2 Nanotube Synthesis

The TiO2 nanotubes were grown by the anodization setup. Titanium foil (SigmaAldrich, 0.25 mm thick, 99.99%) was used as the substrate for growth of the oxide
nanotube arrays. The foils were sonicated in the sequence of ethanol, deionized water,
and acetone for 10 minutes each. Titanium foils served as the anodic electrode while
platinum was used as the cathodic electrode. Electrolyte used in the experiment was 0.2
wt% NH4F solution in a plastic beaker, which was prepared by NH4F crystals, ethylene
glycol, and deionized water with the ratio of 49:1 that helped dissolve the NH4F crystals.
The anodization process was conducted at the voltage of 40 V for the processing time of
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8 hours at room temperature. Upon completion of the anodization, the titanium foils were
rinsed with deionized water and dried in the atmosphere. The products were characterized
by a field emission scanning electron microscopy (FE-SEM) (Hitachi S-4700, Japan)
under the operating voltage of 10 kV.
8.2.2.

In Situ TEM Setup

The TiO2 nanotubes with the substrate of titanium foil were treated with ethanol for
one day and air-dried for two days. The nanotubes were scratched off from the film and
then glued to a tungsten (W) tip with conductive epoxy. Lithium metal was scratched by
a gold (Au) wire inside the glove box, and transferred by a sealed container with Ar gas.
The W and Au wires were mounted on the stationary and piezo-movable sides of an in
situ scanning tunneling microscope (STM) that operated inside a TEM, respectively. The
naturally grown Li2O layer on the Li metal worked as a solid electrolyte. The Li2O/Li
electrode side was moved forward to contact one of the TiO2 nanotubes. Once a reliable
electrical contact was built, a potential ranging from -2 to -4 V was applied to the TiO2
nanotubes to initiate the lithiation. The in situ TEM experiments were performed using an
aberration-corrected scanning transmission electron microscope (ARM 200CF, JEOL,
Japan) as well as a high resolution TEM (JEOL4000FX) operated at 200 keV.
The EELS signals were acquired using a Gatan Image Filter (Quantum 965,
GATAN, USA) with a 2k×2k pixels CCD camera, which allows simultaneous acquisition
of the low loss and high loss region. The EELS studies were conducted in the scanning
transmission electron microscopy (STEM) mode on a Titan 80-300 (FEI, USA) operated
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at 300 keV with an energy dispersion of 0.25eV/channel and an energy resolution of ~
0.9 eV.

8.3.

RESULTS AND DISCUSSION
The in situ lithiation setup where Li metal with Li2O is placed on the gold wire and

a-TNTs are attached to the STM tip is shown in Figure 2.3. Using piezo-driven stage with
nm precision, the Li/Li2O was moved toward individual nanotubes. Once a reliable
contact was made, the bias voltage of -3 V was applied to the nanotubes to trigger the
lithiation process. The details about experimental method are discussed in the supporting
information.
Figure 8.1(a-f) illustrates the lithiation process of an a-TNT in real time. When the
free-end of the a-TNT contacted with Li2O, the lithiation process started (under the
applied voltage of -3 V) with the formation of a layer on the surface of the a-TNT. The
progress of this surface layer as a function of time is marked by a blue dot square.
In order to better understand the structure of this surface layer, HRTEM images of
nanotubes before and after lithiation were compared. Figure 8.1(g) shows a pristine aTNT with the diameter of 107 nm. After lithiation, a layer was formed on the surface of
the nanotube. The thickness of this layer was estimated to be 11 ± 2 nm as marked by the
white arrows in Figure 8.1(h). A selected area electron diffraction (SAED) pattern was
recorded on the layer as shown in Figure 8.1(i). The indexed (111), (220) and (311)
planes correspond to Li2O phase indicating that the surface layer is made of
polycrystalline Li2O.
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The formation of Li2O layer observed on the surface of TiO2 nanotubes during
lithiation can be explained knowing that Li ions can react with the residual oxygen in the
TEM chamber to form Li2O. This situation is more likely to happen during the lithiation
of intercalation materials since the rate of Li ions intercalation is limited due to the
restriction in available interatomic spaces and diffusion channels. This scenario is in
synergy with the observation of Liu et al.,231 who reported a similar surface Li2O layer on
the multiwall carbon nanotubes (MWCNTs), which is an intercalation material. The
formation of this Li2O layer can also be attributed to reaction of Li with residual oxidic
groups including carboxylic acid, epoxy, or hydroxyl groups.232 These groups can form
on the surface of TiO2 nanotubes during the electrochemical anodization process.233
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Figure 8.1 Serial snapshot images of lithiation process for an individual a-TNT. (a) The
whole structural view of a selected a-TNT with diameter of around 130 nm. (b-f) A
selected area of lithiation process monitored from the reference 0s (b) to 1740s (f). The
evolution of Li2O layer formation is observed on the surface of the nanotube as marked
by green arrow. The HRTEM images of Li2O layer formation on the surface of an
individual a-TNT are shown as (g-i). (g) A pristine TiO2 nanotube with diameter of 107
nm. (h) A thickness of 11±2 nm layer formation on the lithiated nanotube. (i)
Corresponding diffraction pattern of the Li2O layer.
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In order to investigate the chemical signature change during lithiation, EELS was
conducted on individual nanotubes. Figure 8.2(a) is a comparison of the EELS between
the pristine and lithiated a-TNT. The Li K edge located at the energy loss position of 63.4
eV is similar to the ones in TiO2 (rutile)234 and LiNiO2235 via the same intercalation
mechanism. Another rise of the Li K edge at 58.9 eV and 63.4 eV closely matches that of
pure Li2O, consistently supporting the observation of Li2O formation on the surface of
the nanotube upon lithiation.

Figure 8.2 EELS spectra of Li K edge, Ti L edge and O K edge taken from the selected
area of the nanotube before and after lithiation. (a) The EELS spectrums show Li K edge
of pristine, lithiated TiO2 nanotube, and Li2O as a reference. (b) A comparison between
Ti L edge in pristine and lithiated TiO2 nanotubes is shown. (c) Showing O K edge in
pristine and lithiated TiO2 nanotubes.
Figure 8.2(b) shows the EELS of Ti L edge in a-TNTs before and after lithiation. In
the pristine nanotube, the main feature is the 2p spin–orbit interaction splitting into the
2p3/2 (459.1 eV) and 2p1/2 (464.5 eV) levels with a separation of 5.4 eV.236, 237 The energy
loss position of the peak is sensitive to the valence of Ti. After lithiation, these two
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positions of energy loss shifted toward a low energy region, indicating the valence of Ti4+
reduce to Ti3+ to accommodate Li+ intercalation, which is consistent with the observation
from previous reports.238, 239 More evidence is provided by the O K edges between the
pristine and lithiated nanotube in Figure 8.2(c). Prior to lithiation, the pre-edge peak (i)
and main peak (ii) located on the energy loss position of 530.9 eV and 543.2 eV,
respectively, corresponds to electron transition from 1s to oxygen 2p states hybridized
with titanium 4s and 4p states.234 After lithiation, the energy loss position of pre-edge
peak shifted 3.1 eV to high energy loss direction as compared with the pristine nanotube.
The observed shifting in the O K edges towards the high energy is related to the reduction
of the Ti ions following the insertion of Li into the lattice, indicating charge transfer from
Li to Ti ions.240 Another significant feature in the lithiated nanotube was the decreasing
of separation between the peaks (i) and (ii). Yoshiya et al.240 had systematically studied
the structure of TiOx (x<2). They noticed that with the decrease of the x value, the
separation between peaks (i) and (ii) on the O K edges decreased, indicating the valence
reduction of Ti upon Li ions intercalation. This conclusion is closely consistent with our
experimental EELS results. In addition, one can notice that, after lithiation, the intensity
of peak (i) became smaller than that of peak (ii), which is due to Li2O formation on the
surface.241
Our EELS observation is in a good agreement with the intercalation mechanism of
Li ions into TiO2, which can be expressed as:23
𝑇𝑖𝑂2 + 𝑥𝐿𝑖 + + 𝑥𝑒 − → 𝐿𝑖𝑥 𝑇𝑖𝑂2
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(8.1)

In the reaction, the insertion of positively charged Li+ is balanced with an uptake of
electrons to compensate Ti3+ cations in the Ti4+ sublattice. The maximum x after charging
depends on the phase structure of TiO2 (e.g. amorphous, anatase or rutile). The variation
of x is also predicted by theoretical calculations,20, 24-29 and has been observed in X-ray
photoelectron spectroscopy (XPS) experiments.30, 31 Recent studies242-244 on the use of
TiO2 (anatase and brookite-TiO2) nanotube anodes in a lithium battery demonstrate an
initial discharge capacity of 282 mAh/g at a specific current density of 0.24 mA/g in
brookite, which corresponds to x=0.98 in Equation (8.1). For amorphous TiO2, associated
with the disordered structures, no theoretical simulations and structural variation analysis
by XRD have been conducted to calculate the x. However, the experimental results4, 245
show that the capacity performance of amorphous TiO2 is better than that of anatase due
to more sites and defects available for Li ions insertion in amorphous TiO2.
A close examination of the lithiated a-TNT walls indicated that the thickness of the
wall increased from ~24 to ~26 nm, which corresponded to ~ 3.7% expansion in the
radial direction of the nanotube as indicated in Figure 8.3(a & b). In fact, recent ex situ
studies4, 245, 246 on a-TNTs reported a volume increase of less than 3% in fully charged
TNTs compared with the non-charged ones. Due to the geometrical limitation of the in
situ setup, it is very hard to directly measure the longitudinal elongation of the nanotube.
𝑉𝑒

However, based on the overall volume expansion calculation (

𝑉

=

𝑆𝑒
𝑆

×

𝑙𝑒
𝑙

=

𝑑𝑒2
𝑑2

×

𝑙𝑒
𝑙

),

one can notice that the volume expansion depends on the ratios of Se / S and le / l. In our

study, the ratio of Se / S is only 0.0013, which indicates that the overall volume expansion
for the TiO2 nanotube can be within 3%.
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Figure 8.3 Bright field TEM images of an individual a-TNT (a) before lithiation, and (b)
after lithiation. The white arrows in (a) and (b) indicate that the wall thickness increases
from ~24 to ~26 nm during lithiation, while no obvious change is seen for the nanotube
inner diameter (~59 nm). Several dark contrast particles are detected in the lithiated aTNT (marked by white dotted circles in (b)). (c-d) Corresponding SAED patterns of
pristine and lithiated a-TNTs. The nanotube is demonstrated to be amorphous before
lithiation in (c). The electron diffraction rings in (d) are indexed to be Li2O and Li2Ti2O4,
respectively.
Interestingly, the inner diameter of the nanotube remained unchanged (~59 nm
before and after lithiation) as shown in Figure 8.3(a & b). This indicates that small radial
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expansion discussed earlier is mainly due to surface lithiation while no or little lithiation
has happened in depth of the nanotube. This explanation is plausible considering the poor
electrical conductivity of amorphous TiO2. Due to this limiting factor, Li ions cannot
intercalate deep into the interior structure of the nanotube. Therefore, it is expected that
the lithiation to be limited to the nanotube surface. This is mediated by the presence of
Li2O layer on the surface of TiO2 nanotubes, which provides a convenient path for
diffusion of Li ions.
The SAED pattern of the pristine nanotube shown in Figure 8.3(c) indicates an
amorphous structure, as it would be expected. After lithiation, some particles with dark
contrast appeared in the amorphous LixTiO2 matrix as marked by white dotted circles in
Figure 8.3(b). The corresponding SAED pattern shown in Figure 8.3(d) indicates that the
lithiated a-TNT is dominated by crystalline Li2Ti2O4 and Li2O phases as evidenced by
matching the experimental electron diffraction rings with the calculated pattern based on
the Li2Ti2O4 (Space group: F𝑚
�3m, Lattice constants: a = b = c = 8.375 Å)247 and Li2O

structure, respectively.

To better understand the nature of the dark contrast particles, HRTEM imaging was
performed on the lithiated nanotube. Figure 8.4 shows HRTEM analysis of the particles
at two different locations of the same lithiated nanotube. Figure 8.4(a) shows that some
crystalline particles (marked by white arrows) are distributed almost randomly within the
amorphous matrix. A closer view enables one to observe the lattice fringes in the
particles, indicating the presence of atomic ordering in the amorphous matrix. The
HRTEM image of one of the particles with the [001] zone axis is shown in Figure 8.4(c).
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The HRTEM image shows the well-defined (400) crystal planes with the spacing of 2.09
Å, confirming the formation of crystalline Li2Ti2O4 phase. Figure 8.4(d & e) confirms the
presence of similar crystals at other locations in the amorphous matrix. Therefore, the
Reaction (8.1) can be modified to include the new crystalline phase according to:
2𝐿𝑖𝑥 𝑇𝑖𝑂2 + 2(1 − 𝑥)𝐿𝑖 + + 2(1 − 𝑥)𝑒 − → 𝐿𝑖2 𝑇𝑖2 𝑂4

(8.2)

It is expected that the continuous lithiation of LixTiO2 will lead to an atomic
rearrangement in the amorphous LixTiO2 matrix to form crystals of Li2Ti2O4 with the
Li:TiO2 stoichiometry of 1. This is in agreement with the results of molecular dynamics
simulations of Xiong et al.,248 where the formation of Li2Ti2O4 in a-TNTs after lithiation
was predicted. Their simulation results revealed that at high lithiation levels (>75%), the
atomic diffusion of Ti and O became significant, suggesting facile rearrangement of
atoms in the structure and leading to crystalline phase formation. They further reported
that with increasing simulation time, the Ti, O, and Li atoms would present long-range
order throughout the cubic structure.249
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Figure 8.4 TEM images reveal the formation of Li2Ti2O4 crystals within the amorphous
matrix. (a) A zoom-out image of an area within lithiated amorphous TiO2 where the
presence of several crystalline particles are marked by white arrows. (b) A closer view of
the crystalline particles shows the lattice fringes of crystalline particles. (c) High
resolution TEM image of the particle marked by the red dotted box in (b) shows the
atomic ordering within the crystalline particles. The particles are viewed along [001]
zone axis and the interatomic distance of 2.09 Å was correlated to (400) planes in
Li2Ti2O4 crystals. (d-e) The existence of the crystalline particles within the lithiated
amorphous matrix was also confirmed in other locations. (f) A unit cell of the Li2Ti2O4
crystals viewed along [001] zone axis.
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The size of the crystalline islands shown in Figure 8.4(c & e) provides a
characteristic length scale (~ 5 nm) at which the atomic bonding configuration has been
changed within a short time period. One also could note that the crystalline particles are
embedded within the amorphous matrix. This can be an indicative of inhomogeneous
chemical changes in the amorphous matrix. More spectroscopy was conducted to capture
the local chemical distributions before and after the amorphous to crystalline phase
transition. Figure 8.5 compares the chemical distribution of a nanotube before and after
lithiation by STEM-EELS elemental mapping. The EELS mapping was conducted on the
same area as shown in Figure 8.5(a) and (e). The elemental mapping in Figure 8.5(b-d)
and (f-h) indicates the chemical distribution of Ti and O elements is uniform before and
after lithiation. However, the Li element mapping shown in Figure 8.5(i) demonstrates
that the Li elements are distributed non-uniformly in the nanotube. For better clarity, all
the maps related to Li, O, and Ti atoms are superimposed in Figure 8.5(j), which further
indicates the local changes in the chemical composition. This is agreement with the
simulation results16 that the Li would prefer the low energy locations as initial states in
amorphous nanotubes, resulting in the high concentration of Li ions in some areas [Figure
8.5(j)]. The fluctuation of Li ions can promote the heterogeneous nucleation of Li2Ti2O4
crystalline phase in the amorphous matrix, which is consistent with our HRTEM
observation.
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Figure 8.5 The STEM-EELS mapping of an individual a-TNT before and after lithiation
shows the chemical distribution of Ti, O and Li in the nanotube. A selected area of EELS
mapping shows the uniform distribution of O and Ti before lithiation (a-d) and after
lithiation (e-h). (i) Li distribution by EELS mapping indicating the successful lithiation in
the nanotube. (j) EELS mapping of Li, O, and Ti in the lithiated nanotube, showing the Li
ions distributing randomly in the matrix.
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The overall lithiation mechanism of the a-TNTs was captured in Figure 8.6(a) and
schematically represented in Figure 8.6(b). Fully lithiated, partially lithiated, and
unlithiated regions of the a-TNT are marked in Figure 8.6(a). In the fully lithiated region
(Region I), a thick polycrystalline Li2O layer (marked by white arrows) is formed on the
surface of the nanotube and crystalline Li2Ti2O4 islands are formed in the amorphous
LixTiO2 matrix (marked by yellow dotted circles). In Region II, only evidence of Li2O
layer can be found which indicates some lithiation of the matrix in the form of LixTiO2
could have happened. The Li2O layer on the surface (marked by black arrows) becomes
thinner as it progresses toward the unlithiated region (Region III), which means that the
lithiation proceeds through the Li2O layer. No obvious crystalline islands were detected
in Region II. In the unlithiated region (Region III), the nanotube is in amorphous state
with no indication of lithiation.
On the basis of the results discussed above, a schematic design is proposed to
illustrate the overall lithiation process of a-TNTs as shown in Figure 8.6(b). The Li ions
will intercalate into the nanotube by donating electrons to Ti to form LixTiO2, associating
a Li2O layer formation on the surface of the nanotube. With increasing the concentration
of Li ions in the nanotube, the diffusion of O and Ti atoms will also increase249 enabling
the facile rearrangement of disordered atoms to Li2Ti2O4 islands with crystalline
structures.
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Figure 8.6 (a) Three distinctive regions are captured during lithiation of a single a-TNT.
In region (I), the nanotube is fully lithiated as evident by the formation of polycrystalline
Li2O layer and crystalline Li2Ti2O4 islands. In region (II), the nanotube is partially
lithiated as evident by the progressive formation of Li2O layer. No crystalline Li2Ti2O4
islands could be detected. In region (III), the very end of the nanotube is still in pristine
state (unlithiated). (b) The schematic graph shows various stages of lithiation process in
a-TNTs.
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8.4.

Conclusion
In summary, the electrochemical lithiation mechanism of amorphous TiO2

nanotubes was modified based on our in situ TEM observation. Initially, Li ions
movements are facilitated by the surface diffusion through Li2O layer at the surface of
TiO2 nanotubes. Through surface, Li ions intercalate into the nanotubes to form
amorphous LixTiO2 matrix. With the increase of Li ions concentration in the lithiated
nanotube, the phase transformation from amorphous to crystalline by atomic
rearrangement will happen. This leads to the formation of crystalline islands of Li2Ti2O4
with cubic structure in the amorphous LixTiO2 matrix. This phase transformation is
associated with local inhomogeneities in Li distribution. In addition to the evidence of
lithium-induced atomic ordering in amorphous TiO2 materials, the present work provides
a new reaction mechanism, supported by direct chemical and structural analyses, for the
lithiation behavior of amorphous TiO2 nanotubes.
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Chapter 9 Conclusion
In the research project, morphological, mechanical, and electrical properties of TiO2
nanotubes were studied. The collected results can be summarized as two parts. The first
part relates to nanotubes synthesis and their morphological characterization. The second
part focuses on the in situ TEM studies of mechanical, electrical and electrochemical
testing.
The TiO2 nanotubes were grown in NH4F solution by electrochemical method. The
anodization time and voltage were controlled to obtain desired aspect ratio of nanotubes.
The relationship between anodization processing parameters with diameter and length of
nanotubes was discussed in Chapter 3. The average diameter of nanotubes increased
when the voltage increased. However, the anodization time did not have a substantial
effect on the diameter of nanotubes. On the other hand, both anodization time and voltage
could increase the length of nanotubes.
In further investigation, the structural instability of TiO2 nanotubes was studied.
TiO2 nanotubes treated by Ammonium hydroxide (NH4OH) solution exhibited abundant
surface defects. By annealing at 500 °C, the nanotubes collapsed into nanoparticles,
which demonstrated the instability of nanotubes. As opposed to the common belief that
the transformation to rutile is the major reason for the collapse of the anatase nanotubes,
it

was

determined

that

volumetric

change

due

to

phase

transformation

(amorphous→anatase) and surface roughness weakening due to chemical etching had the
key role during the collapse of NH4OH-treated TiO2 nanotubes.
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A new method was developed to transform anatase TiO2 to rutile phase by in situ
Joule heating in TEM. The results revealed that anatase nanotubes under Joule heating
dissociated to small particles (∼10–20 nm) of anatase at low bias voltage (≤10 V). At an
intermediate bias range, between 10 and 20 V, the anatase nanoparticles transformed to
rutile phase. Under the bias heating condition with 30 V, the rutile particles agglomerate
into large particles with sizes ranging up to 200 nm.
In situ electrical transport measurements on both amorphous and anatase TiO2
nanotubes were successfully carried out inside a high-resolution TEM equipped with a
STM probe. The results revealed that the electrical properties of TiO2 nanotubes (either
amorphous or anatase) could be enhance by mechanical bending deformation. The
semiconducting parameters were retrieved from the experimental I-V curves using the MS-M model. The I-V curves shown, in Chapter 6 and 7, demonstrated that with increasing
bending angle, the conductivity would increase.
Electrochemical lithiation measurement of individual TiO2 nanotubes was conducted
in TEM. Pure Li metal was used as cathode, Li2O functioned as solid electrolyte, and
TiO2 nanotubes were used as anode material. The results show that, initially, Li ions
movements are facilitated by the surface diffusion through Li2O layer at the surface of
TiO2 nanotubes. Through surface, Li ions intercalate into the nanotubes to form
amorphous LixTiO2 matrix. With the increase of Li ions concentration in the lithiated
nanotube, the phase transformation from amorphous to crystalline by atomic
rearrangement will happen. This leads to the formation of crystalline islands of Li2Ti2O4
with cubic structure in the amorphous LixTiO2 matrix. This phase transformation is
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associated with local inhomogeneities in Li distribution. In addition to the evidence of
lithium-induced atomic ordering in amorphous TiO2 materials, the present work provides
a new reaction mechanism, supported by direct chemical and structural analyses, for the
lithiation behavior of amorphous TiO2 nanotubes.
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Chapter 10 Future Work
This PhD project mainly focused on the electrochemical characterization for TiO2
nanotubes as well as the mechanical and electrical properties investigation by in situ
TEM. However, the study was not fully researched in every aspect and still left a lot to be
explored. In further research, there are three major projects for extensive study and
investigation.

10.1． In Situ Electrochemistry of Anatase TiO2 Nanotubes
The crystalline anatase [Figure 10.1(a)], one of the natural TiO2 polymorphs, has
been studied a lot for the application of optical devices,250 solar industry90, 251 and Li ion
batteries252 due to the properties of readily available, chemically stable, inexpensive, and
nontoxic.253 The anatase TiO2 especially attracts interest for Li-rechargeable batteries
because of the ability to store significant amounts of Li. The overall lithium intercalation
mechanism can be expressed in Equation (10.1):254
𝑇𝑖𝑂2 + 𝑥𝐿𝑖 + + 𝑥𝑒 −1 ↔ 𝐿𝑖𝑥 𝑇𝑖𝑂2

(10.1)

The x varies from 0 to 0.7, and the most stable phase is x = 0.5, which has been
shown in the phase diagram. In the insertion process, the Li atoms occupy the octahedral
sites in the anatase lattice.255-257 At low concentration (x < 0.05), the Li atoms randomly
distribute in the octahedral sites and the anatase still holds the tetragonal structures,
known as Li-poor phase.258 With the further Li insertion of 0.05 < x < 0.5, the tetragonal
structure will distort to orthorhombic to create more octahedral sites to hold Li atoms,
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known as Li-rich phase.255, 258 Coexistence of these of phase has been observed in the
electrochemical cycling259 shown in Figure 10.1(b) and 1(c). The plateaus in the
charge/discharge indicate the equilibrium transformation between Li-poor and Li-rich.
The capacity decreases from 290 mAh·g-1 to 229 mAh·g-1 after three cycles due to the
irreversible capacity loss. The coulomb efficiency is 0.8 initially and increases to 1 after
several cycles, indicating the excellent reversibility during electrochemical cycling.

Figure 10.1 (a) unit cell of anatase, (b) initial three charge/discharge curves of anatase
TiO2 nanotubes,259 (c) capacity and coulomb efficiency of anatase TiO2 nanotubes versus
cycling numbers.259 (Reprint with the permission from Electrochimica Acta, 2007, 52,
8044-8047. Copyright, 2007, Elsevier)
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The anatase TiO2 nanotubes can be obtained by heating the amorphous nanotubes in
the atmosphere under the temperature of 400 0C as discussed in the Chapter 4. The in situ
electrochemical testing of anatase TiO2 nanotubes can be exactly the same as amorphous
nanotubes since the morphology of nanotubes after heating does not change. The anatase
TiO2 has low band gap of 3.2 eV,17 which is smaller than that of amorphous, exhibiting
better electrical behavior in the test. Due to this behavior, one can expect fast lithiation
process and good electrical conductivity in the lithiation process. The lithium ions will be
inserted into the octahedral sites of the anatase structures and cause uniform and small
volume expansion since the insertion ratio x is around 0.5. This will still hold the
tetragonal structure. Comparing with amorphous structures that form crystalline Li2Ti2O4,
the anatase will be expected to still maintain its tetragonal structure and no
new/intermediate phase forms during lithiation. Because when the insertion ratio x > 0.5,
there are not available octahedral sites to accommodate Li ions and the Li ions will
repulse each other. Therefore, it is difficult to obtain Li:TiO2 of stoichiometry 1.

10.2．

In Situ Electrochemistry of TiO2 (B) Nanostructures

TiO2 (B), a monoclinic structure, has recently attracted much interest as anode
materials in Li ion batteries due to its unique crystal structures. Compared to other TiO2
polymorphs (amorphous, anatase, and rutile), TiO2 (B) exhibits a higher specific capacity
due to the low density crystal structure and the perovskite-like layered structure.260, 261
The bulk TiO2 (B) can store 240 mAh·g-1, however, the nanostructured TiO2 (B) can
boost the capacity to 305 mAh·g-1 in nanowire form and 330 mAh·g-1 for nanotubes,
corresponding to Li0.98TiO2.262-265
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The lithium ions can sit in three available sites in the TiO2 (B) crystals: A1 and A2
sites, which are near equatorial and axial oxygens in the octahedral, respectively and C
sites, which are in the open channel along the b-axis261 as shown in Figure 10.2. In low
concentration (x < 0.25), the C sites are the most favorable ones for lithium insertion.
When the concentration increases (0.25 < x < 0.5), the C sites become unfavorable and
A1 sites are all occupied. At x = 1, both A1 and A2 sites are fully taken.266

Figure 10.2 TiO2 (B) crystal structure (a) TiO6 octahedral unit cell, (b) lithium
intercalation sites in the unit cell: A1, A2, and C,266 (c-d) HRTEM images with
corresponding diffraction pattern of TiO2 (B) nanofibers.267 (Reprint with the permission
from Chemistry of Materials, 2010, 22, 6426-6432. Copyright, 2010, American Chemical
Society; Journal of Solid State Chemistry, 2005, 178, 3110-3116. Copyright, 2005,
Elsevier)
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The ex situ electrochemical cycling performance of TiO2 (B) nanosheets is
illustrated in Figure 10.3. The charge/discharge curves under various rates are shown in
Figure 10.3(a). One can notice that the capacity is controlled by charge/discharge rate. In
addition, the cycling retention in Figure 10.3(b) shows the excellent cycling retention for
TiO2 (B). Aravindan et al. reported that the cycling number of TiO2 (B) nanorods can be
up to 500 cycles without or little capacity loss and the coulomb efficiency can maintain
over 99.5%, demonstrating the excellent reversibility during electrochemical cycling.268
No study has been reported the electrochemical testing by in situ TEM and it is necessary
to reveal the structural evolution of TiO2 (B) in real time during lithiation process. The
TiO2 (B) can be synthesized in various nanostructures: nanowires, nanotubes,
nanoparticles, and nanosheets.263, 269-271 The real time observation in TEM can help to
study the structural changing in the lithiation process, especially for TiO2 (B), which has
an anisotropic volume expansion.266 The SAED can identify the monoclinic structures of
TiO2 (B) and the HRTEM images in the atomic-scale should be used to capture the
positions of lithium ions.
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Figure 10.3 (a) charge/discharge curves of TiO2 (B) nanosheets under various rates, (b)
cycling performance of TiO2 (B) nanosheets.270 (Reprint with the permission from
Advanced Materials, 2012, 24, 3201-3204. Copyright, 2012, John Wiley and Sons)

10.3.

In situ Electrochemistry of Rutile TiO2 Nanostructures

Rutile, a tetragonal crystalline structure [Figure 10.4(a)], is also one of the favorable
TiO2 polymorphs as anode materials.272, 273 The rutile TiO2 is the most thermal structure
in room temperature and can be synthesized by simple sputtering and annealing
methods.274 Nanostructured rutile TiO2 shows high capacity and better lithium
electrochemical activity.275
The lithium insertion into rutile TiO2 is complicated, which involves several
structural evolutions comparing with other polymorphs (amorphous, anatase, and B type).
Baudrin et al.276 reported the formation of LiTiO2 with rocksalt structure when lithium
ions insert into nanostructured rutile. Another study by Koudriachova et al.277 revealed
the formation of hexagonal structure upon the lithium insertion into rutile TiO2 via first
principles calculations. However, Borghols et al.278 reported that, for a lithium
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concentration of x = 0.85, the rutile structure transforms to a monoclinic structure by
resembling the hexagonal structure. Besides those final phases, intermediate phases are
also expected to be observed during lithiation. Two possible structures have been studied
for Li0.5TiO2: a distorted monoclinic structure278 and a cubic spinel structure.247
The electrochemical cycling performance of rutile TiO2 is illustrated in Figure
10.4(e) and 4(f). Among various size of rutile TiO2 during cycling, the nanosized rutile
exhibits a much better reversible discharge capacity of 280 mAh·g-1, corresponding to the
high insertion ratio x = 0.8 than other size TiO2. One significant feature in Figure 10.4(e)
is the multiple plateaus in the discharge curve (marked by arrows), indicating various
intermediate phases in the rutile during lithiation. The accurate results relating to the
phases are still in discussion. The electrochemical cycling performance [Figure 10.4(f)]
shows excellent cycling retention of nanosized rutile TiO2 under various charge/discharge
rates, illustrating the good reversibility for the lithium ions insertion and extraction.
Pfanzelt et al. recently reported that the nanosized rutile TiO2 can be cycled up to 1000
cycles without or little capacity loss and the coulomb efficiency is around 99.9%.279
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Figure 10.4 (a) The unit cell of rutile TiO2, (b-d) HRTEM image of rutile nanorods with
corresponding diffraction pattern,280 (e) the charge/discharge curves of various sized
rutile TiO2,275 (f) electrochemical cycling of nanosized rutile TiO2 under various rate.275
(Reprint with the permission from Journal of Crystal Growth, 2007, 306, 117-122.
Copyright, 2007, Elsevier; Advanced Materials, 2006, 18, 1421-1426. Copyright, 2006,
John Wiley and Sons)
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It is necessary to use in situ TEM technique to observe and reveal the structural
evolutions for the lithiation of rutile TiO2. The most advantage of in situ TEM is to
observe the structural evolution in atomic scale. Since many phases may appear in the
lithiation process, it is recommended to monitor the structure and diffraction pattern
every several minutes. The best way to reveal the systematical lithiation mechanism of
rutile TiO2 is to do in situ SAED lithiation, which could easily help to observe the
crystalline structures in real time.
In summary, rutile has better electrochemical cycling performance than TiO2 (B).
Rutile has larger capacity (x ≈ 1) because of the intermediate phases (tetragonal, spinel,
and rock salt) in rutile upon lithium insertion. The lithium ions initially insert in the offcentered octahedral sites. With x ~ 0.5, the lithium ions reside the tetrahedral positions to
form spinel structure (Li0.44TiO2). When x > 0.9, the lithium ions in tetrahedral holes of
spinel structures are displaced to octahedral environments leading to rock salt structure.
The phase transformation can help rutile to accommodate lithium ions insertion.
Moreover, rutile has excellent cycling retention and can be cycled to 1000 cycles without
or little capacity loss. In addition, rutile is the most thermal stable one among TiO2
polymorphs, which is one of the most important features to be considered in lithium ion
batteries for safety issues.
Compared to anatase, TiO2 (B) shows better electrochemical behavior during
cycling. Both anatase and TiO2 (B) are thermally stable up to the temperatures of ~600 0C.
However, the Li storage and cycling retention exhibit significant differences. The normal
Li storage ratio in anatase is x = 0.5. When x increases, the Li ions will repulse each other
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and no more octahedral sites are available for insertion. In TiO2 (B), three available sites
of A1, A2, and C can accommodate various concentration of Li ions to reside, which can
help get a theoretical capacity of ~420 mAh·g-1 (x = 1.25).260 Both anatase and TiO2 (B)
have good cycling retention. The anatase TiO2 have been charged/discharged up to 200
cycles with negligible capacity loss. For TiO2 (B), 500 cycles have been reported while
retaining high coulomb efficiency. Overall, it is apparent that TiO2 (B) is a better choice
as anode in Li ion batteries in comparison to anatase phase.
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Appendix A: The Delithiated and Electrical Behaviors of
Individual Amorphous TiO2 Nanotubes.
A.1.

Delithiation Process of Amorphous TNTs

An individual a-TNT was delithiated inside the TEM as shown in Figure A.1(a-d) by
reversing the applied bias on the lithiated nanotube. The green arrows in Figure A.1
indicate that the Li2O layer gradually disappeared during the delithiation process.
However, small traces of Li2O left on the surface after delithiation could be still detected.
Furthermore, as illustrated in Figure A.1(e-f), following delithiation, some of the
crystalline particles still remained in the amorphous matrix, indicating that part of Li ions
are trapped as crystalline phase in the amorphous matrix. This observation provides clues
for explaining the irreversible capacity loss that has been reported following the first
charge-discharge cycle of amorphous TiO2 materials.4,

32, 259, 281-285

The EELS results

illustrated in Figure A.1(g-h) provide detailed evidence on the structural and chemical
evolution of the materials following delitiation. In Figure A.1(g), the two energy loss
positions of Ti L edge after delithiation shifted back to the positions that were similar to
the ones of the pristine, indicating the valence of Ti3+ oxidized to Ti4+. The two peaks of
the energy loss became a little broad than the pristine due to the small amount of Ti4-x
(LixTiO2) remaining in the amorphous matrix, indicating not all Li ions were delithiated.
According to Figure A.1(h), the energy loss positions of O K edge after delithiation were
between the ones of the pristine and lithiated, but more close to the pristine. As previous
discussion, the separation distance of the two peaks (i) and (ii) represents the valence of
177

Ti. When the valence of Ti4+ reduces to Ti3+, the separation will decrease. From the
delithiated nanotube, one can notice that the distance of (i) and (ii) increased, indicating
the Ti3+ oxidized to Ti4+. However, they were not totally the same as the ones of the
pristine, demonstrating not all Ti ions are in 4+ valences after delithiation. In addition, the
main peak (ii) of the energy loss became broad and small that was closer to the one of the
pristine, indicating most of Li2O disappeared after delithiation.

Figure A.1 Snapshot images of the delithiation process for a selected area of a-TNT. (a-d)
Delithiation process monitored from beginning (0s) to end (660s). (e-f) The highmagnification TEM images of delithiated an a-TNT show the existence of particles in the
amorphous matrix. (g-h) EELS spectrums of Ti L edge and O K edge after delithiation are
compared with the same signals from pristine and lithiated nanotubes, respectively.
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A.2.

Electrical Behavior of Amorphous TNTs

To further investigate the effect of structural changes on the physical behavior of
nanotubes,

the

electrical

conductivity

of

nanotubes

at

various

states

of

lithiation/delithiation was recorded (Figure A.2). The pristine a-TNT (black curve)
behaved like a semicondutor with low electrical conductivity where only ~50 nA current
could be detected at the applied voltage of ±25 V. Interestingly, after the first lithiation
(red curve), the conductivity of the lithiated nanotube increased to 150 nA at the applied
voltage of ±25 V, which is ~300% increase in comparison to the unlithiated nanotube.
This enhancement in electrical conductivity can be correlated to the presence of Li ions in
the matrix and the formation of crystalline islands of Li2Ti2O4. Compared with disordered
structures, the atomic ordering can assist the eletrons transport in the nanotube.32 After
delithiating the nanotube, the electrical conductivity (blue curve) decreased to a level
below the fully lithiated nanotube (~100 nA at ±25 V) as expected. However, the
conductivity is still higher than the pristine (unlithiated) case. During delithiation, even
though the Li ions would be extracted from crystalline islands (Li2Ti2O4), the structure
still remained ordered to help increase the electrical conductivity instead of becoming
disordered. However, the improvement in the electrical conductivity during the first
lithiation/delithiation cycle did not happen at subsequent cycles. In the second lithiation
(green curve) and delithiation (pink curve), the electrical conductivity did not vary
significantly, indicating that the formation of crystalline islands during lithiation played a
key role in increasing the electrical conductivity of lithiated nanotubes.
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Figure A.2 I-V curves of an individual a-TNT under the bias ranging from -25 V to 25 V.
Each color represents the nanotube in different states: As-grown (black), 1st lithiation
(red), 1st delithiation (blue), 2nd lithiation (green), and 2nd delithiation (pink).
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Appendix B: The Electrochemical Property of Si Nanowires
Silicon has attracted much more attention in the battery field based on its high
theoretical capacity of 4200 mAh/g for lithium storage when fully lithiated (Li4.4Si).286
Unlike the traditional anodic graphite with the low capacity of 372 mAh/g that can only
accommodate 1/6 lithium atom (LiC6) after fully charging, Si has the highest capacity in
theory among all the potential anode materials. It has been reported that Si can have the
capacity of 3579 mAhg-1 in the form of Li15Si4 at room temperature and 4212 mAhg-1 in
the form of Li22Si5 at high temperature.287-289 Since Dr. Cui invented the silicon nanowire
battery in 2007,290 silicon nanowire has been the most promising candidate as an anode
material for lithium ion batteries rather than other types like powder and thin film. The
nanowire has its unique properties as an anode, which powder and thin film do not have.
It has certain facile strength relaxation because of small nanowire diameter for large
volume expansion without the initial fracture that happens in powder or thin film,
provides straight electronic path way for transportation, directly contact between
nanowire and current collector to increase the conductivity and large surface area for
sufficient lithium ions interaction.290 The mechanism of lithiation for silicon nanowires
can be expressed as the Equation (B.1):
4.4𝐿𝑖 + + 𝑆𝑖 + 4.4𝑒 −1 ↔ 𝐿𝑖4.4 𝑆𝑖

(B.1)

In theory, one-dimensional Si nanowires can help to accommodate with lateral
strains from lithium interaction to improve the capacity retention. However, experimental
results289 show the poor cycling retention due to the fracture and pulverization caused by
181

large volume expansion when charging. The volume expansion after lithium intercalation
can be up to 300%291, 292 to 400%290 due to the formation of various LixSi, which leads to
induce large stress on the nanowires to cause fracture and capacity fading after the first
several cycles of lithiation/delithiation.

Figure B.1 The volume expansion behavior of two different crystallographic orintations
of Si nanowries. (a-d) isotropic volume expansion of individual Si nanowire with <111>
orientation. (e-h) Anisotropic volume expansion of individual Si nanowire with <112>
orientation.
The lithiation processes of single Si nanowires with two different crystallographic
orientations were studied in Figure B.1. The Si nanowire with <111> orientation is shown
in Figure B. 1(a-d). The nanowire showed an isotropic volume expansion and the
diameter increased from 85 nm to 105 nm in radial direction. Another nanowire with
<112> orientation is also studied in Figure B.1(e-h). Comparing with the one of <111>,
however, the <112> nanowire had an anisotropic volume expansion and the diameter
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increased from 279 nm to 521 nm. At the same time, the intrinsic core shrank to 169 nm.
The experimental results showed that the preference of lithiation direction was different
in various crystallographic orientations of Si nanowires and [110] were the most
preferred direction for the diffusion of lithium ions. Large volume expansions were
observed during lithiation along (110) planes. Figure B.2 summarized the volume
expansion direction of various crystallographic orientations of Si nanowires.

Figure B.2 The cross section of various crystallgraphic orintations of Si nanowries with
corresponding volume expansion of lithiated <100>,293, 294 <110>,293, 294 <111>, and <112>
nanowires.
The delithiation process was conducted as shown in Figure B.3. The diameter of the
nanowire became its original value of 85 nm. The in situ electrochemistry results
indicated that the charge and discharge could be successfully accomplished.
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Figure B.3 The delithiation process of individual Si nanowire. (a-d) shows the diameter
of the nanowire shrunk back its original 85 nm.
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Appendix C: In Situ TEM Operation Procedure
C.1.

Sample Preparation

1.

Scratch the sample surface (TiO2, SiNW, et al.) by the razor to get some powders.

2.

Squeeze little, equally amount of conductive epoxy (a) and (b) to the glass slide.
Mix (a) and (b) together by the rod.

3.

Loosen the screw on the STM tip and take the tip out by a straight-top tweezer.
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4.

Attach the STM tip to the mixed epoxy then touch the powers, which have been
scratch from sample.

5.

Put the STM tip back and tighten the screw

.
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6.

Hold one side of the hat and loosen the screw on the side by one round. Then
repeat the same procedure to loosen the screw on the other side.

7.

Take out the wasted gold wire by tweezer and cut another estimated long new
gold wire, then put the wire into the hat. After that, tighten the two screws to
make sure the gold wire is stable on the hat.

8.

Mount the hat by curved-top tweezer and then the check the length of the gold
wire. If it is short that is far from the STM tip, it will need to prepare another one.
If it is long, take the hat out, cut the longer part to make the gold wire as close as
it can to the STM tip.
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C.2.
1.

Glove Box Operation
Take the hat with its base into the container and cover it. Bring the container and a
tweezer to the glove box.

2.

Close the pump valve to stop pumping in the chamber. Then, open the valve that
is connected to glove box to input Ar gas to the chamber. At the same time, push
panel on the ground to make sure more Ar gas will be induced to the chamber.
The indicator on the station can be raised in the range of 2-3.
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3.

After the indicated arrow pointing 0 for the pressure in the chamber, open the
chamber and put the tweezer and container (uncovered) inside.

4.

Close the chamber and reopen the pump valve to pump the air inside the chamber.
It will last 10-15 minutes for the best condition.
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5.

Repeat step 2 until the indicator in the pump points to 0. Open the door inside the
glove box and transfer the tweezer and container in the glove box.

6.

Take the hat with its base at the same time to make sure that the hat sits tightly on
the base. One hand holds the base and the other hand holds the Li metal. Scratch
the tip of the gold wire on the surface of the metal slightly. After the Li sticks on
the tip of the gold wire, put back the Li metal and covers the glass bottle. Put the
hat with its base back to the container and cover it. Transfer the container and
tweezer back to the chamber. Close the door in the glove box.
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7.

Open the chamber and take out the container and tweezer. Turn on the pump
station by switching the valve. Take the container back to the TEM room.

C.3.
1.

Nanofactory Software Setup
Clean the tweezer and container. Take out the hat quickly and mount it on the ball
as quickly as possible.

2.

Load the in situ holder into the TEM chamber and wait for the vacuum pumping.
After inserting the holder, connect the Nanofactory wires on the holder.

191

3.

Open the software Nanofactory 3 and check whether the wires are connected well.
Then, click the file and select the Import License File, for example, STM File.

4.

For applying voltage, enable the field emission option (clicking twice and press
enter) and adjust the needed voltage value.
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5.

To record current, click the log option and the current will be recorded in text file.

6.

For IV measurement, click the coordination option and select the (0,0) point. A
new coordinate window will show up. Right click on the coordinate option and
select Add Point Capture option, an empty IV plot will show up. Click on the Add
Point Capture to set the starting and ending voltage (clicking twice and press
enter), holding time before starting the test, points on the sample, and range of the
current on the y axis. After setting done, click on the start option to measure the
IV curve.
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